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General circulation and transport exchange within Casco Bay, Maine occurs primarily through
the three deepest channels separating the interior sections of the Bay from the outer Bay and
adjacent Western Gulf of Maine shelf. Resource management in Casco Bay relies on an ability to
predict and/or track oil spill trajectories, Red Tide events, nutrient plumes, pollution and other
factors important to the estuarine environment. However, the exchange through these channels,
the mean circulation and associated forcing mechanisms are not well understood. In this study,
time series of current velocities, temperature, salinity and wind data collected during 2004 and
2005 are used to analyze the transport exchange patterns between interior and exterior sections of
Casco Bay. Seasonal and episodic forcing of the observed transport is also examined.
Subtidal volume transport in the southwestern section of interior Casco Bay appears to be largely
balanced between Portland Channel and Hussey Sound. Inflow is generally restricted to depths
below 12 m in Hussey Sound, while mean outflow typically occurs above 12m. Subtidal current
in Portland Channel typically flows out of the southwestern section of the bay throughout the
entire water column. Transport contributions from these two channels in and out of the

southwestern lobe of interior Casco Bay sum to roughly 275 m3/s toward the inner bay – less than
one standard deviation away from zero.
Transport exchange with the northeastern interior section of Casco Bay is predominantly
restricted to Broad Sound, although adjacent Luckse Sound may also contribute to the net
transport. Transport into this section occurs predominately at depths below 24 m in Broad Sound.
Surface current velocities in Broad Sound are highly variable. Time averaged, cross-sectionally
integrated transport in Broad Sound was found to be 830 m3/s toward the northeastern section.
Forcing conditions, such as wind and river discharge cause variation to the general transport in all
channels, sometimes reversing the mean circulation. Typically, Portland Channel current behaves
barotropically and is coherent with both surface density changes and along-channel wind stress.
Hussey Sound has a characteristic estuarine two-layer current structure, with most of the current
variance occurring in the stronger and deeper inflowing layer. This deeper mode is coherent with
surface density changes, while the surface layer is coherent with wind stress. Broad Sound also
has a two layered current structure which is coherent with along-shelf wind, surface density
changes and wind oriented along the reach of Middle Bay. Broad Sound is uniquely sensitive to
density changes, as the direction of the baroclinic flow was observed to reverse in the presence of
the Kennebec River plume.
Seasonal variability in current magnitude and structure was observed in all channels. This is
especially true in Hussey Sound, where stratification during warmer months appears to enhance
the depth and variability of the surface layer. Under mixed winter conditions, however, most of
the current variance is contained in the bottom layer. Seasonal changes to wind and discharge
forcing conditions make transport variability in all channels almost twice as large in spring and
winter as in summer.
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CHAPTER 1
INTRODUCTION
1.1 Study Area
Casco Bay is a large inter-estuarine coastal system in the southwestern portion of the Gulf of
Maine (Figure 1). Portland, Maine’s largest city, and over one quarter of the state’s residents are
contained within the bay’s watershed (Casco Bay Plan, 1996). The bay is host to numerous
energy and port facilities, and imports more oil than any other port in the Northeast, excluding
New York. The bay is also a center for commercial fishing fleets, and numerous recreational
activities, making it an important commercial and environmental resource.
Typical of many coastal locations in Maine, the Casco Bay region has undergone many
geological deformation cycles, including glacial erosion and post glacial sea level rise. The
rugged bottom topography and complicated island system within the bay arose from these
deformation processes (Anderson, 1981). Consequently, there are many complex channels,
ledges and shoals that restrict flow, and no flow exists between the inner and outer bay at depths
greater than 45 m. Exchange between the inner and outer sections of Casco Bay is primarily
restricted to three main channels: Portland Channel, Hussey Sound and Broad Sound.
Direct freshwater input to Casco Bay is primarily from the Royal and Presumpscot Rivers.
Together these rivers drain approximately 2,500 km2 and discharge at a mean annual rate of less
than 40 m3/s. The 10 year peak flow rate for the Presumpscot River is 280 m3/s, while the Royal
River 10 year peak flow rate is 194 m3/s (Hodgkins, 1999). The Fore River to the north of
Portland Channel, and the Harraseeket River near Broad Sound contribute negligibly small
amounts of fresh water. Northeast of Casco Bay, the Kennebec-Androscoggin river system
(hereafter referred to as the Kennebec River) discharges at an annual mean rate of over 300 m3/s,
and can discharge as much as 4000 m3/s during the spring freshet. This large source of
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freshwater has been shown to play a role in the density distribution of Casco Bay (e.g., Pettigrew,
1994, Janzen et al. 2005 and Xue and Du, 2010).

Figure 1: Chart of the study area, Casco Bay, Maine. Key locations are labeled: A is the
“lower lobe of inner Casco Bay,” B is the “upper lobe of inner Casco Bay,” C is “outer Casco
Bay,” and D is the location of the outflow of the Kennebec River system. E is the location of the
mouth of the Presumpscot River. F is the location of the Royal River. Locations of moored buoy
observations are shown as red dots: Portland Channel, Hussey Sound and Broad Sound (south to
north).

3
1.2. Previous Studies in the Casco Bay Area
Using subsurface drifter trajectories, Parker (1982) found the first-order circulation within Casco
Bay to be dominated by the lunar (M2) tide. Current velocities were observed to be between 0.10.2 m/s directed offshore, but reached 1 m/s in some regions in the inner bay where flow was
bathymetrically confined. The average tidal range of 2.75 m results in approximately a 10%
change in the average mean depth of the inner bay. Sub-tidal currents are stronger than tidal
currents in the Western Maine Coastal Current (WMCC) at the Northeastern Regional
Association of Coastal and Ocean Observing Systems (NERACOOS) buoy C. However, in the
passages between the inner and outer sections of Casco Bay, (where this study was conducted)
the tidal and subtidal currents are of similar speed.
Conductivity Temperature and Density (CTD) surveys conducted in 1992 and 1993 provided
insight into the importance of tidal stage and seasonality (flood vs. ebb and spring vs. neap) on
the structure and buoyancy characteristics within the bay (Pettigrew, 1994.) These surveys found
the freshwater plume from the Kennebec influences the circulation of the eastern part of the bay.
During a flood tide, the Kennebec freshwater plume can split, causing some water to flow back to
the mouth of the river, and the rest to flow into eastern Casco Bay. The density distribution
showed baroclinic pressure gradients within the New Meadows River estuary that suggested
inflow at the surface and bottom layers and outflow through a middle layer (Pettigrew, 1994).
In addition to CTD data, Acoustic Doppler Current Profiler (ADCP) current measurements in the
New Meadows River directly observed an inverse estuarine circulation, reported by Kistner and
Pettigrew (1999). A paper by Janzen et al. (2005) further explored the relationship between
Casco Bay and its surrounding waters in greater detail. Major findings from this study included
observations of discharge from the Kennebec plume influencing onshore bayward transport,
particularly in the New Meadows River Estuary. Two scenarios for onshore transport into Casco
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Bay due to Kennebec plume water near the mouth of Casco Bay are offered. Firstly, an onshore
surface flow can be established by an onshore density gradient in the absence of across-shelf
wind. Secondly, the onshore density gradient, coupled with onshore wind, can support
enhanced onshore transport and distribute the along-axis density gradient.
A high resolution numerical model of the region has been used to evaluate the influence of the
Kennebec River plume on the eastern sections of Casco Bay (Xue and Du, 2010). In this study,
the Princeton Ocean Model (POM) was used with a 300m grid and 22 vertical levels. To improve
accuracy in this tidally variable bay, a sophisticated wetting and drying scheme was used which
allows modeled land cells to flood at high tide and modeled water cells to dry at low tide. The
model used data from the University of Maine’s Gulf of Maine Ocean Observing System
(GoMOOS), USGS river gauge stations, and the National Center for Environmental Prediction
North American Master Grid to model the Casco Bay area between April 2004 and December
2005. Figure 2 is an example of the modeled depth-averaged current in Casco Bay for the period
of April 2004 (coincident with the field observations used in this study). The horizontal
resolution of the model was likely still too coarse to resolve details of the flow in narrow
channels, but larger scale aspects of the circulation (particularly in Broad Sound) are of particular
interest to this study. The model was able to accurately reproduce observations from moorings
and shipboard surveys in the outer sections of Casco Bay, however. Details of how the Kennebec
plume spreads under variable discharge conditions (primarily down-coast in high discharge), and
how the plume evolves under variable wind conditions (deflected offshore under upwelling
favorable winds) are particularly applicable to this thesis.
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Figure 2: Modeled depth-averaged current for April, 2004 in Casco Bay. (Xue and Du,
2010)

1.3. Unanswered Questions
Many characteristics of circulation in Casco Bay remain unanswered by these previous studies.
For instance, studies of seasonal circulation patterns, requiring a long term record of currents in
Casco Bay, have not been reported. Long-term records of current and water conditions exist as
part of the GoMOOS/NERACOOS project in the Gulf of Maine; yet the closest station to Casco
Bay, Buoy C, is still six miles outside the bay and unable to show any kind of spatial resolution
inside the bay by itself. CTD measurements have provided insight into some seasonal buoyancy
effects, but do not directly measure current. The tidal signal has been well studied, but the
subtidal circulation and response to low frequency forcing conditions have not (Spaulding, 2011).

6
Additionally, transport between the inner sections of Casco Bay and the outer Bay is not well
understood. In 1995, the Casco Bay Estuary Partnership published estimates of Casco Bay clam
flat annual harvest value of roughly $4.5 million. However, at that time, almost half of the
available shellfish areas were closed to harvesting due to point-source pollution and Red Tide
caused by Alexandrium fundyense (Heinig et al., 1995). It became evident that flushing
characteristics and volume transport between the inner bay and the outer sections of Casco Bay
have a large influence the overall health of the system.
In 2005, a large Red Tide bloom prompted the complete closure of clam flats within Casco Bay.
Over 2 million dollars of congressional disaster relief aid went to improve monitoring and
response services. As a result, the Maine Department of Marine Resources increased the number
of monitoring sites in Casco Bay the following year, and was able to keep an additional 10,000
acres of flats open despite a similar Red Tide event (Couture, 2010). Unfortunately the funds
needed to maintain the extended monitoring program were depleted after three years, but the
benefit of improving our understanding of where toxins are and how they are transported in the
bay was further emphasized.
In 2004, the Maine Oil Spill Advisory Commission (MOSAC), the Maine Department of
Environmental Protection (MDEP), and Maine SeaGrant funded a study to measure currents and
water properties (temperature, salinity and density) in the three deepest channels within Casco
Bay. The goal of the study was to measure exchange dynamics between the inner and outer bay
in preparation for a potential oil spill in Portland Harbor. Additionally, the MDEP was concerned
with flushing, water quality and the delivery of Red Tide to the inner sections of the bay (Janzen
and Pettigrew, 2011). The data from this study form the basis for this project.
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1.4. Methods and Data
Data for this project originated from the efforts of Carol Janzen, Ph.D., and Neal Pettigrew, Ph.D.
as part of a grant from the Maine Oil Spill Advisory Committee (MOSAC) and the Maine
Department of Environmental Protection (MDEP), administered through the University of Maine
SeaGrant office. Six conductivity and temperature sensors, three ADCPs, one meteorological
sensor and three data acquisition buoys were allocated for this project. To maximize the
scientific return, each buoy was outfitted with one surface mounted downward looking ADCP,
and two conductivity and temperature sensors (one near the surface, and one near the bottom).
1.4.1 Buoy Deployment
Data collection occurred between March 2004 and January 2005 with the deployment of the three
outfitted data acquisition buoys in the three key inter-bay communication channels of Casco Bay
(Portland Channel, Hussey Sound and Broad Sound). A meteorological sensor was mounted on
the buoy placed in Broad Sound, the most exposed channel of the three. The buoys were moored
at one location in each channel for a nine month period, with one service visit (to clean the buoys
and replace batteries) of less than 20 hours in June, 2004. A summary of instruments outfitted at
each mooring location is in Table 1.

Portland Channel
43° 37.75’N 70° 12.63’W
Depth: 18 m

Instrument
Type
Location Sample Interval
Notes
600 kHz ADCP RDI Workhorse 3.5 m
30 min
1 m bin averages
CT
Sea-Bird SBE16
1m
15 min
CT
Sea-Bird SBE16 13 m
15 min

Hussey Sound
43° 40.267’N 70° 10.483’W
Depth: 28 m

600 kHz ADCP RDI Workhorse
CT
Sea-Bird SBE16
CT
Sea-Bird SBE16

3.5 m
1m
23 m

30 min
15 min
15 min

1 m bin averages

300 kHz ADCP RDI Workhorse
CT
Sea-Bird SBE16
CT
Sea-Bird SBE16

5m
1m
40 m

30 min
15 min
15 min

2 m bin averages

Metiorological

-5 m

30 min

Broad Sound
43° 43.475’N 70° 3.63’W
Depth: 45 m

RM Young

Table 1: Summary of instruments deployed for data collection.

Vandalism stopped data collection
between July 11th and August 4th
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Portland Channel instruments were deployed from March 22nd, 2004 at 22:56 to June 24th, 2004
at 18:26. They were out of the water for 15.5 hours while the buoy was cleaned and batteries
replaced, then were re-deployed on June 25th, 2004 at 9:54 until they were removed on January
7th, 2005 at 12:54. During the deployment, no significant gaps in data were observed. However,
to preserve the primary shipping lane, the deployment location of the Portland Channel buoy was
not in the deepest part of the channel. Instead, the buoy was located approximately 150 m to the
west of the center of the channel.
Hussey Sound instruments were deployed starting March 20th, 2004 at 21:56 and were removed
on June 25th, 2004 at 7:56 for 9 hours to clean the buoy and replace batteries. They were redeployed on June 25th, 2004 at 14:56 until they were removed on January 7th, 2005 at 14:56. No
significant interruptions in data were observed. The location of the Hussey Sound buoy was in
the center (deepest) part of the channel, but directly between a seamount and canyon in the alongchannel dimension (see Figure 16).
Broad Sound instruments were deployed starting March 20th, 2004 at 20:56 and were removed
on June 24th, 2004 at 20:56 for cleaning and battery replacement. They were re-deployed 20
hours later on June 25th, 2004 at 16:56. The buoy was removed on January 8th, 2005 at 17:56.
The Broad Sound buoy location was in the deepest section of Broad Sound, two kilometers south
of the southern tip of Whaleboat Island. No significant data interruptions to the water observing
instruments were observed. However, the meteorological sensor that measures wind velocity was
vandalized on July 11th, and was not able to be repaired until August 4th. Wind velocity
measurements during this period are missing.
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1.4.2. Transect Measurements
To measure the cross-channel variability in current structure in each channel, shipboard ADCP
transects were conducted when personnel and ship time were available. Ideally, multiple
(seasonal) surveys in each channel would have been conducted; however for this study, a single
survey over a tidal cycle was able to be done in each channel. To remove the M2 tidal
component, each transect was repeated on a 70 minute cycle for 13 hours. This frequency and
duration is sufficient to resolve the tidal signal and separate the tidal from the subtidal current.
Sixteen transects of Broad Sound and adjoining Luckse Sound were conducted on May 21, 2004.
The transect line ran between Upper Flag Island and Bangs Island, then around the southern tip of
Bangs Island and across Luckse Sound to Great Chebeague Island. Conditions that day included
a moderate (9 mph) southwest wind with light rain. River discharge from both the Presumpscot
and Kennebec Rivers was low. The tidal signal during this period was slightly stronger than
average (a moderate spring tide). The next day (May 22, 2004) nineteen transects of Hussey
Sound were completed. This transect line ran northeast between Peaks Island and Long Island.
Conditions that day included moderate rain and 8 mph winds from the northwest with low river
discharge. On November 2, 2004, eleven transects of Portland Channel were completed between
Cape Elizabeth and Cushing Island. Weather that day included light rain and a 6 mph wind
blowing in the channel from the southeast. The tidal signal was much weaker than usual (a strong
neap tide).

1.4.3. Data Processing
A time series of current velocity data was obtained from the downward looking ADCP record of
each buoy. The raw magnetic north/south and east/west (v and u directions) time series velocity
data sets were first edited to linearly interpolate any missing data for intervals less than two
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hours. Depth bins deeper than the recorded site depth (at mean high tide) were deleted as errant
data. The data sets from each deployment were then spliced together leaving one time series of
north/south and east/west current data per channel. Current values in the bins near the surface
and bottom affected by ADCP side lobe interference were extrapolated from adjacent data to
estimate velocity in these areas (e.g. Codiga 2005).
A rotation angle, θ, for each channel was then calculated using principal component analysis to
maximize the current magnitude variance in the major axis direction, following Emery and
Thomson (2004). The resulting rotated vectors are closely aligned with the channel axis. Current
vectors were rotated according to this angle to find the velocity normal to the dividing plane,
and

.
Equation 1

In order to select the most representative rotation angle for the channel and generate the least
amount of error, a depth averaged current was used in the principal component analysis. The
resulting angle of inclination is the average rotation angle of the water column at the buoy
location. For Portland Channel, this angle was 47°, for Hussey Sound 38° and Broad Sound 15°
(west of north in all cases) which generally agree with the local bathymetry (see Figure 16). The
maximum inclination angle variance is 8° in Portland Channel, 15° in Hussey Sound and 10° in
Broad Sound, contributing to a maximum 1%, 3% and 2% error in along-channel current
magnitude respectively.
Tidal currents are a significant portion of the overall observed current magnitude. In order to
evaluate the non-tidal circulation relevant to this study, the tidal signal was removed from the
current data using a 33 hour cutoff Lanczos low-pass filter. Harmonic analysis is sometimes used
for this purpose when tidal constituents can be identified precisely. However, for this application,
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the tidal signal may not be so well defined, since many shallow water tidal harmonics may be
included in the data in certain parts of the study area. In these applications, a low-pass filter is
often used, since it removes all high frequency (tidal) oscillations. Further, a Lanczos type lowpass filter was chosen for this study since it uses a smoothing sinc function to attenuate side lobe
oscillations. As a result, the filter has a sharp cutoff, relatively low stop-band leakage and limited
pass-band attenuation. The frequency response of the Lanczos filter used in this study is shown
in Figure 3.

Figure 3: Low pass response curve used to filter the tidal signal. Arrow A indicates the
period of the M2 tide, and arrow B is the period of the -3dB (half power) point (33 hours).
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CHAPTER 2
CIRCULATION AND CURRENT
2.1. Time Series
The time series of current in each channel measured by the downward-looking ADCP provides
one of the first long-term records of exchange in Casco Bay. The length of the data set allows
some conclusions to be drawn about effects of seasonality, and the concurrent measurements in
each of the three major channels illuminate how forcing conditions change the circulation pattern.
Tidal currents were removed using a 33 hour cutoff Lanczos low-pass filter, leaving primarily the
subtidal currents responsible for general long-term circulation patterns. A time series of subtidal
current in each channel as a function of depth is shown in Figure 4. The general circulation trend
in Casco Bay, as measured at the mooring locations, appears to be out flowing current at all
depths in Portland Channel, bi-directional flow in Hussey Sound, and inflowing current through
the majority of Broad Sound.

Figure 4: Time series of subtidal current as a function of depth in each channel. Portland
Channel (top), Hussey Sound (middle) and Broad Sound (bottom). Positive values (warm colors)
denote current moving into the inner bay and negative values (cold colors) represent current
moving out of the inner bay.
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In general, the fastest inflowing currents are seen below 20 m in Hussey Sound (strong red colors
in the middle plot). Sub-tidal currents at this location were measured as high as 21 cm/s during a
springtime storm. The fastest out flowing currents were generally observed on the surface of
Portland Channel. One winter storm produced 23 cm/s currents there for a brief time. A table of
depth averaged seasonal current magnitude and standard deviation is shown below.

Mean Velocity (cm/s)

Spring

Summer

Fall

Winter

Portland Channel

-4.2

-2.9

-2.9

-3.1

Hussey Sound

2.9

3.5

4.2

2.9

Broad Sound

3.1

3.9

3.6

3.2

Standard Deviation

Spring

Summer

Fall

Winter

Portland Channel

2.4

1.9

2.5

3.1

Hussey Sound

2.8

1.6

1.9

2.8

Broad Sound

2.7

1.2

1.7

2.3

Table 2: Mean seasonal depth averaged current velocity and standard deviation.

2.2. Event Analysis
As Table 2 shows, seasonal differences in current magnitude and variance exist in Casco Bay.
Spring and winter months in particular are characterized by sudden and strong changes in flow
magnitude and direction. Peak wind speeds during spring and winter are higher than summer (by
about 70%) and rain events contribute to strong density differences between the surface and deep
water. These seasonal differences in forcing conditions affect the composition of the water
column. In order to visualize both seasonal changes and individual events in the water column, a
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plot of salinity, temperature and density differences between the surface water and water 5m from
the bottom of each channel is shown in Figure 5.
In Broad Sound, where the channel is deeper and the water column is perhaps not quite so tidally
mixed, strong seasonal changes can be observed. Springtime (defined in this study as April
through May) is characterized by increasing temperature differences and episodic events that
bring fresh water to the surface. Summer months (between July and September) are characterized
by strong temperature differences between the surface and the bottom 5 meters, consistent density
stratification and few events where there is a fresh surface layer. Fall months (between
September and mid-October) show the temperature difference between the surface and bottom
decreasing until there is practically zero difference, indicating a mixed water column. During this
time, density stratification also decreases. In the winter months (November through the end of
the record in January), the water column is mixed with a few events when cold, fresh water was
observed at the surface.
Episodic peaks in the salinity record are likely triggered by storms and strongly affect the vertical
density gradient. One particularly large event occurred in Broad Sound on December 4th.
Several characteristic spring storms also brought fresh water to the surface creating density
differences. Notable spring events occurred on April 1st and April 15th. These salinity and
density events coincide with river outflow events (shown in Figure 6).
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Portland Channel

Hussey Sound

Broad Sound

Figure 5: Salinity, Density and Temperature differences recorded by the channel buoys.
Salinity difference (blue) and density difference (black) shown as bottom minus surface.
Temperature difference (red) is shown as surface minus bottom.
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Figure 6: Rainfall and river discharge events during the study period. Kennebec gauge
(blue) in North Sidney, Maine (USGS 01049265); Androscoggin gauge (black) in Auburn,
Maine (USGS 01059000); Rainfall (red) recorded at the Portland International Jetport.

Hussey Sound temperature, salinity and density structure behave in a similar fashion to Broad
Sound (Figure 5). Vertical temperature differences are roughly 2° less in the summer months in
Hussey Sound than in Broad Sound. However due to the deeper depth in Broad Sound, the
temperature gradient is virtually identical. Most large spring time fresh-water events observed in
Broad Sound also occurred in Hussey Sound. However, two significant fresh water events on
August 13th and August 21st which were recorded in Hussey Sound were not observed in Broad
Sound. These events correspond to second-highest and fourth-highest rainfall events recorded in
2004 (Figure 6). These summer storms caused the Kennebec outflow, as well as the gauge height
of the Presumpscot River, to increase (Figure 7). The fact that fresh water was seen in Hussey
Sound during this event, but not in Broad Sound, is indicative of the forcing conditions in each
channel during that time.
Portland channel is shallower than Hussey Sound and mostly well mixed throughout the year.
There is some temperature stratification in the summer months that disappears at the beginning of

17
winter. With the exception of a few strong fresh water events, the density difference remains
fairly consistent through the year. As was the case in Broad Sound, fresh water events in April
and December are prominent in the record. The August events seen in Hussey Sound are also
observed in Portland Channel.

Figure 7: Presumpscot stream gauge height during the study period. USGS gauge
01064118 located in Westbrook, Maine.

2.2.1. Freshwater Sources
Determining the origin of the fresh water that causes the salinity (and density) spikes seen in
Figure 5 can help establish what forces density driven current in each channel. Potential sources
include the direct rainfall itself, the Presumpscot River and the Fore River (near Portland), the
Kennebec River (to the north of Casco Bay), as well as the Royal River and the Harraseeket River
(which empty into the upper inner section of the bay. Although the Harraseeket River and the
Royal River supply fresh water to the upper section of inner Casco Bay, their outflow is small
(about 4%) compared to the Kennebec River system (Hodgkins, 1999). Although the discharge
point of this system is outside Casco Bay, Janzen et al. (2005) noted that the Rossby radius of this
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system allows fresh water to reach the eastern section of the bay. At an exit velocity of 1 m/s, the
horizontal scale

where Coriolis force balances the inertial acceleration is 10 km. This

distance is small enough to allow the river plume to enter outer Casco Bay south of Cape Small.
To further identify the primary source of freshwater to each channel, we can look at the timing of
the rainfall, each river’s peak discharge, and the surface salinity signal of each channel. Knowing
the primary source of fresh water to each channel will help to check the validity of the theory that
Kennebec plume water enters Broad Sound but not Portland Channel of Hussey Sound, and
characterize the forcing dynamics of Casco Bay. Plume transport depends on many factors, such
as river discharge magnitude, wind speed and direction, as well as the speed of the Western
Maine Coastal Current (WMCC). Using data from the Portland Rain Gauge, the Kennebec River
discharge gauge in North Sidney, Maine and Buoy E of the NERACOOS buoy array in the
WMCC, we can quantify the plume transit time based on the timing difference between events.
As an example, rainfall, Kennebec River discharge and Broad Sound surface salinity is shown for
an October event (Figure 8).

Figure 8: Chronological plot of a single event including rainfall (red), Kennebec River
discharge (blue) and Broad Sound surface density (green). Rainfall scale (red) is in tenths of
mm, river discharge scale (blue) is in m3/s, and surface density scale (green) is in psu.
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The Kennebec River gauge is located in North Sidney, Maine, 84,500 m away from the river
mouth. Assuming a river speed of 1 m/s (following Janzen, et al., 2005) the transit time between
the gauge location and the mouth of the river is 23.5 hours. The time required for the plume to
leave the river mouth and enter Broad Sound can then be calculated by subtracting the time
between the gauge location and the river mouth from the time between the observed river
discharge peak and observed freshwater spike in Broad Sound. For the event shown in Figure 8,
the transit time between the river mouth and Broad Sound is approximately 72 hours. The
distance from the river mouth to the Broad Sound buoy is approximately 33,000 meters, meaning
that the plume water from the event shown in Figure 8 traveled roughly 0.13 m/s. By
comparison, the average velocity of the WMCC recorded at the same time at Buoy E (2 m depth)
was 0.15 m/s toward the south-west (208°). Moderate winds (10 m/s) to the south-west during
this time may also have contributed to the plume velocity. These two speeds are reasonably
comparable, and indicate that plume-water may indeed have become entrained in the WMCC and
pushed into Casco Bay as postulated. This speed is slightly slower, but similar to the 0.21 m/s
plume velocity measured by Geyer et al. (2004) under a fully developed coastal current.
Another example, the April 13th event described earlier, had a lag of 211 hours between the
gauge peak and surface freshening at Broad Sound. This equates to a 0.05 m/s plume velocity;
much slower than the October event. Interestingly, both the wind and the WMCC were also
slower at that time. Buoy E recorded a surface current of 0.04 m/s to the south-west (237°) and
winds were to the south-west at about 5 m/s. It is likely the surface freshening in Broad Sound is
predominately caused by plume water from the Kennebec system, and that the fate of this water
after it leaves the river mouth depends largely on wind, discharge volume, and coastal current
velocity.
Unlike Broad Sound, however, freshening events in Portland Channel and Hussey Sound occur
almost concurrently with peaks in the Kennebec stream gauge (Appendix A). It is extremely
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unlikely that surface freshening in these two channels is due to the Kennebec plume, as plume
velocity to Portland Channel and Hussey Sound would need to be vastly larger than the velocity
to Broad Sound. Rather, the freshening events in these two channels are aligned with
Presumpscot discharge.

2.2.2. Empirical Orthogonal Function Analysis
Differences in transport response to forcing conditions can be explored further using Empirical
Orthogonal Function analysis (EOF) to isolate the primary modes contributing to the variance in
the sub-tidal current. Here we will look at the first two modes (which typically explain 50-70%
of the variance) following the method outlined by Emery and Thomson, (2004). As before, the
sub-tidal current velocity time series (as a function of depth) was divided according to season.
These data were then used to generate the covariance matrix C in the eigenvalue equation below.
Equation 2
Here, ϕ are the eigenmodes which explain the vertical spatial pattern of each orthogonal mode.
The significance of each mode, λ are the eigenvalues which contain the relative variance in each
mode, and I is the identity matrix. The mean value of each depth was removed from the record in
order to compare EOF responses at different depths, and the singular value decomposition
method (SVD) was used to solve the eigenvalue problem (e.g. Kelly, 1988).
The SVD computation of the EOF eigenvalue problem produces three useful matrices. First, the
solution contains a matrix of principal component vectors corresponding to each mode. These
principal component vectors show the significance of each mode as a function of depth (e.g.
Churchill et al. 2005). In this analysis, the first two modes are analyzed and divided according to
season. For comparison purposes between seasons, the amplitudes of each principal component
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were normalized to the maximum modal principal component value. Second, a diagonal
eigenvalue matrix containing the relative variance explained by each orthogonal mode is
produced. These eigenvalues allow for comparison of the relative importance of each individual
mode. Finally, an eigenvector matrix containing the amplitude time series of each mode is
produced. The time series as a function of depth for the first two modes was constructed by
multiplying the first two eigenvector rows (corresponding to the time series amplitudes of the first
two modes) by the corresponding principal component vectors (corresponding to the significance
of that mode as a function of depth). See Appendix B for examples of the modal time series.
The goal of this analysis is to tease apart the variance in the sub-tidal current in each channel, and
assign forcing mechanisms to the modes associated with the highest variance. It is important to
note that in doing so, the temporal mean flow was removed from the EOF signal. Using spectral
coherence analysis between the modal time series and various forcing parameters may help
discern what forces current at various depths in each channel. Furthermore, it may be possible to
find the frequencies over which each forcing mechanism is statistically important using the modal
time series and the spatial eigenvector relationships in each mode.

2.2.2.1. Portland Channel
Seasonal modes in Portland Channel (Figure 9) appear to be relatively consistent. The primary
mode is roughly constant with depth in each season, indicating that most of the sub-tidal current
variance is described by characteristically barotropic conditions. Portland Channel is
comparatively a shallow, well-mixed tidal area. A sea-surface height gradient between the inner
bay and outer bay would cause constant velocity throughout the water column as is described by
the first EOF mode. In contrast, the second mode is strongest near the surface, decreasing to near
zero around 10 m depth, and reversing direction below 10 m. This mode describes a two-layer
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type flow, but accounts for a much lower amount of variance. Surface forcing conditions (wind
or fresh water input) may be responsible for variation described by this mode.

Figure 9: Empirical Orthogonal Function (EOF) eigenvector values in Portland Channel as
a function of depth. Mode 1 (blue) and mode 2 (red) are shown in spring (top left), summer (top
right), fall (bottom left) and winter (bottom right).

To better understand what may be driving these modes, the reconstructed modal time series was
spectrally analyzed to find the coherence with a forcing signal; in this case, winds at Broad
Sound, winds just outside Casco Bay at Buoy C, or density recorded at the surface of Portland
Channel, indicative of fresh water discharge from rivers and a horizontal density gradient along
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the axis of the channel. The coherence between density, along-channel winds and springtime
modes 1 and 2 in Portland Channel are seen in Figure 10.
Mode 1 is strongly coherent with density at about a 10 day period, and mode 2 is coherent at the
90% significance level at a 5 day period. Mode 1, accounting for over half the variance, acts
throughout the water column, and may likely be attributed to the spring rain storms and freshet
that bring a change in sea-surface height (and surface density) to the inner bay. Mode 2 may be
due to more frequent, but less significant events that do not change the water surface density as
much, and do not act to move the entire water column as a unit. One possibility for this type of
mode 2 forcing are wind events that push surface water into the inner bay for a period of time,
creating a sea surface slope which acts to strengthen the barotropic pressure gradient toward the
outer bay increasing outflow at depth.
It is important to note, however, that wind and density can co-vary, as wind events may enhance
or inhibit (depending on direction) fresh surface water moving past the buoy location. Therefore,
river discharge events may not be the only forcing mechanism in mode 1; along-channel wind
also appears to be significantly coherent with mode 1.
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Figure 10: Coherency of Portland Channel density (top) and along-channel winds (bottom)
with mode 1 (blue) and mode 2 (red). The 90% significance level is shown as the black line.

2.2.2.2. Hussey Sound
Principal component value profiles as a function of depth in Hussey Sound are characteristically
different than Portland Channel (Figure 11). The first mode, although structurally seasonally
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consistent, has little affect near the surface. Hussey Sound is slightly more stratified in all
seasons than Portland Channel, and strong inflowing currents were seen at depth in Hussey
Sound. Mode 1 likely describes the variation of those inflowing deep currents, since principal
component values are much more significant at depth. Interestingly, mode 1 explains roughly
twice the variance in winter as in summer, indicating larger variation at depth in this mode in the
winter.
Mode 2 in Hussey Sound is similar to Portland Channel. Values are significant on the surface
and at the bottom, crossing zero around 20 m. As appears to be the case in Portland Channel,
surface forcing may be the likely cause of mode 2 variance in Hussey Sound. The gradient
around 20 m is interesting in the summer and winter, however. In the summer, where there is
likely a surface buoyant layer caused by temperature stratification (see Figure 5), the surface
forced mode 2 penetrated deeper and transitioned to zero more quickly. However, in the two and
a half “winter” months where predominantly mixed conditions were prevalent, mode 2 was
confined to the surface and decreases amplitude at a near constant rate.
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Figure 11: Empirical Orthogonal Function (EOF) eigenvector values in Hussey Sound as a
function of depth. Mode 1 (blue) and mode 2 (red) are shown in spring (top left), summer (top
right), fall (bottom left) and winter (bottom right).

Coherence analysis between the modal current time series and forcing parameters in Hussey
Sound are shown in Figure 12. Surface density, especially in the spring, is strongly coherent with
mode 1. Storms that bring fresh water to the lower lobe of interior Casco Bay appear to influence
deep water in Hussey Sound. This is an important observation, since deep water in Hussey Sound
appears to be the primary source of water from outer Casco Bay to the lower lobe of interior
Casco Bay. Only very occasionally do sub-tidal currents in the deep part of Hussey Sound flow
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toward the outer bay (Figure 4). When currents near the bottom of Hussey Sound do flow toward
the outer bay, the event is always preceded by a large discharge from the Presumpscot River
(Figure 7), likely increasing the barotropic pressure gradient affecting near-bottom water,
overcoming the baroclinic component. Under more normal discharge conditions, the freshwater
input to the inner bay may establish a baroclinic horizontal pressure gradient, enhancing
shoreward transport of water at depth in Hussey Sound (similar to typical estuarine circulation).
The seasonal changes in mode 1 variance show changes to the deep water current occur more
frequently in the spring and winter months when there is high sporadic discharge volumes or
mixed conditions.
Wind in Hussey Sound is coherent with mode 2, as expected from the profiles in Figure 11.
Interestingly, the wind angle with the highest coherence is in the North/South direction. This
may be because the majority of winds in the spring are oriented this way. Wind and density may
co-vary; however, the coherence analysis in Hussey Sound suggests that they may be less linked
than in Portland Channel.
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Figure 12: Coherency of Hussey Sound density (top) and North/South oriented winds
(bottom) with mode 1 (blue) and mode 2 (red). The 95% significance level is shown as the
black line.
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2.2.2.3. Broad Sound
Broad Sound has two distinct characteristic profiles (Figure 13). In spring, summer and fall, the
first mode eigenvector values change signs at roughly 12m, indicating that most of the variance
can be described by currents flowing in opposite directions at the surface and at depth
(characteristically baroclinic). The winter principal component profile in Broad Sound is
different from the profiles seen in the warmer months, however. In winter, the primary mode
explains 45.5% of the variance and no longer has bidirectional flow around 12m. Broad Sound
currents in the winter behave more characteristically like Hussey Sound; with little contribution
from the first mode near the surface.
The first mode likely represents the typical baroclinic estuary flow pattern forced by a horizontal
density gradient (e.g. Hansen & Rattray, 1965). It is important to realize that this gradient can
reverse depending on the location of the Kennebec plume (as will be discussed later in section
4.6). In the winter, the first mode decreases to zero at the surface, but the second mode (which is
maximal at the surface) takes on an additional 10% of the variance. The second mode, as is the
case in the other two channels, predominantly affects the surface and may likely be primarily due
to wind stress.
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Figure 13: Empirical Orthogonal Function (EOF) eigenvector values in Broad Sound as a
function of depth. Mode 1 (blue) and mode 2 (red) are shown in spring (top left), summer (top
right), fall (bottom left) and winter (bottom right).

Coherence analysis of Broad Sound EOF signals shows an interesting mix of forcing
characteristics. Due to the complexity of the seasonal variation in Broad Sound, both the spring
and winter modal EOF coherences are shown in Figure 14. Mode 1 coherence with surface
density shows two separate coherent frequency ranges. At frequencies longer than 5 days, mode
1 is strongly coherent in the spring, and less coherent (but still above the 90% significance level)
in the winter. At 2.5 day frequencies, mode one is strongly coherent with density in the winter.
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So, similar to other channels, horizontal density gradients appear to be a strong driver of mode 1,
with less frequent spring storms and more frequent winter storms forcing the current.
Mode 2 is also significantly coherent with surface density (again at higher frequencies in the
winter and lower frequencies in the spring). Although it is possible that forcing from density
driven horizontal pressure gradients may be a component of mode 2, it is also possible (and
seemingly more likely) that the density correlation is due instead to wind trapping fresh water in
the inner bay, or conversely, blowing it out of the inner bay (i.e. Geyer, 1997). The orientation of
the upper lobe of inner Casco Bay may play a part in wind forcing as well. This part of the bay is
actually longer in the North-East/South-West orientation (40° orientation) than it is in the alongchannel direction (see Figure 1). Winds oriented 40° to the east are also coherent with mode 2
(Figure 14). Since Harpswell Neck protects Broad Sound from wind in that direction and makes
any direct wind forcing from that direction extremely unlikely, the mode 2 current coherence with
winds oriented 40° to the east are likely due to wind driven surface flow in the long reach of the
upper lobe through processes described by Geyer (1997). The fact that this phenomenon is seen
in the upper lobe and not the lower lobe may be due to the larger fetch and elongated geometry of
the upper lobe. Unlike the lower lobe, the upper lobe also only has one major channel located at
the southern extreme of the estuary, exaggerating the surface wind forcing effect.
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Figure 14: Coherence of Broad Sound density (top), along-shelf wind at buoy C (middle)
and wind oriented 40° to the east at Broad Sound (bottom) with mode 1 (blue) and mode 2
(red). Springtime (solid) and winter (dotted) are plotted concurrently for comparison purposes.
The significance level is indicated by the solid black line.
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Unlike Portland Channel or Hussey Sound, mode 1 in the spring in Broad Sound is coherent with
along-shelf (downwelling) wind at roughly the same frequency as with density (Figure 14). As
wind forcing in the along-shelf direction has been shown to have an minimal affect on current in
the inner part of the bay, the coherence between mode 1 and along-shelf wind instead suggests a
mechanism for how Kennebec plume water affects current in Broad Sound (Janzen et al 2005).
Therefore, the link between mode 1 and along-shelf wind is likely indirect. The along-shelf wind
affects the Kennebec plume, transporting plume water shoreward, consistent with Ekman
downwelling. This shoreward surface transport of the Kennebec plume then affects the density
driven current (primarily expressed in mode 1) in Broad Sound.
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CHAPTER 3
VOLUME TRANSPORT
Although the magnitude and direction of current can give important information about circulation
and forcing conditions, knowing the actual volume transport between two key areas has more
direct implications on the fate of nutrients, larva, pollutants and many other important factors in a
marine ecosystem. In Casco Bay, this is a particularly important problem since the interior
sections of the bay are connected to the exterior sections by only a few key channels. Knowing
the amount of water exchanged, where it is likely to be exchanged and under what conditions, is
valuable information for biologists, environmental scientists and policy regulators in Casco Bay.
Unlike measuring current, however, there is no direct way to feasibly measure transport. In order
to do so, the instantaneous water velocity and direction at all points in the channel would need to
be known – a feat that is beyond the scope of this study. Instead, the instantaneous velocity at all
points in the channel must be inferred from the measurements taken at the buoy mooring location.
The procedure used to calculate velocity at all points in the channel is an important component in
the volume transport calculation, and is worth some discussion.

3.1. Basic Calculation Method
For the purposes of this study, we will define transport as the volume flux of water through a
boundary area dividing the inner bay from the outer bay. Transport between the inner and outer
sections of Casco Bay are estimated using ADCP data from buoys in each of the three major
channels, as well as across-channel shipboard ADCP data averaged over a tidal period, and
NOAA bathymetry data to determine the channel cross-sectional area. In general, the transport
or volume flux through a channel may be represented by the integral in Equation 3.
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Equation 3
Here,

is the volume flux or transport,

the channel and time) and

is the velocity vector (a function of location in

is the differential cross-sectional area (a function of time due to

tidal depth changes.)
Observationally, however, the function

is impossible to measure in all locations of the

channel at all times. Therefore, rather than using integration, a double summation must be used.

Equation 4

The depth, z, is divided into h bins and the distance across the channel at each bin is i. A firstorder approximation in a channel with a mostly uniform velocity structure measured by one
mooring location could be found using Equation 5, assuming the velocity is constant across the
entire channel.
Equation 5
Using this method in Casco Bay can provide a first order estimation of transport between the
inner and outer sections of the Bay. However, there are several assumptions made when using
this basic method that may not be appropriate for transport calculations in these three channels.

Assumption 1: Transport between the inner and outer sections of Casco Bay is limited to
Portland Channel, Hussey Sound and Broad Sound.
Assumption 2: Current at the surface behaves the same as current measured by the ADCP 3.5 or
five meters below the surface.
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Assumption 3: Velocity recorded by the ADCP at the mooring location is the same at that depth
at all points across the channel.

Assumption 1 is reasonable for rivers or constricted embayments where the entire flow field is
constrained to a small passage. However, the exchange between inner and outer Casco Bay
includes other connections besides those measured in this study. Even though the majority of
flow is through the three relatively deep passes where the buoys were located, transport through
Whitehead Passage, Chandler’s Cove and Luckse Sound may also contribute to the volume
exchanges, but were not instrumented in this survey and are thus not included in transport
calculations. Broad Sound is a particularly bathymetrically complicated area, and flow through
adjacent Luckse Sound may impact the transport calculations.
Assumption 2 is a necessary consequence of using moored ADCPs. Since the ADCPs were
deployed 3.5 meters (or five meters in Broad Sound) below the surface of the water, we have no
record of current above 3.5 (five) meters. Surface current, then, must be inferred from current
measured below the surface. Similarly, the bottom few meters of ADCP data is unreliable due to
acoustic side lobe interference from the bottom. Placement of the buoy was also not always in
the deepest part of the channel. Therefore, the velocities of water below the deepest valid bin
need to be inferred from the measured current above these depths. Figure 15 illustrates these
areas in green.
Assumption 3 may be acceptable for rivers or small channels where the flow normal to the
surface is similar at all points. However, we expect some amount of variation across each of the
three major channels. A circulation model of Casco Bay (Xue and Du, 2010) indicates the flow
through Broad Sound, for example, may include significant horizontal variability west of the
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buoy location (Figure 2). As Figure 15 illustrates, only the velocities at the mooring location (in
red) are directly measured; the rest of the channel (in blue) is not.

3.2. Method Improvements
To correct for assumption 3, shipboard ADCP cross-channel transects were taken in each channel
and used to generate a transfer function to adjust the horizontal velocity magnitude according
position in the channel. The current velocities taken across the entire channel were used to scale
the current magnitude at all points in the channel (blue boxes in Figure 15) with reference to the
buoy location (red boxes). The scaling factor could then be applied to the mooring time series to
generate a scaled velocity at all points in the channel. This approach is an improvement to the
first-order method (Equation 5) since the across-channel variability measured by the shipboard
ADCP survey is included in the transport calculation even through only one mooring location is
used to generate the time series in the channel. Details regarding this scaling factor are described
in section 4.3.
Additionally, tides change the water level in Casco Bay by approximately three meters. Thus, the
cross sectional area of each channel fluctuates according to the tidal cycle. In order to mitigate
the error caused by tidal fluctuations in cross sectional area, a second correction is made to
Equation 5. This correction was applied to the deepest one meter bin (illustrated in Figure 15 as
yellow boxes), and stretched or compressed this bin vertically according to the tidal signal,
making h a function of time. The correction to tidal height was made at the bottom of the water
column rather than the top due to the fact that the downward looking ADCP was mounted on a
floating buoy.
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Figure 15: Representation of a channel cross section. The channel is i meters wide and -h
meters deep. Red boxes represent areas where current is directly measured by the buoy ADCP,
green boxes represent areas where current is interpolated from locations either directly above or
below, yellow boxes represent areas where the vertical dimension is adjusted based on the tidal
signal, and blue boxes represent areas where current is adjusted from the observed value at the
buoy using the transfer function.

The instantaneous channel flux modified with the transfer function and tidal height correction is:

Equation 6

Where:
represents the transfer function modified volume flux through each 1m x 1m box summed
both vertically and horizontally.
b is the horizontal channel width (m) and is dependent on depth
t is time (hours)
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is the current velocity at the buoy normal to the boundary plane as a function of depth and
time (m/s)
is the transfer function as a function of location in the channel (non-dimensional)
is the depth of the channel (m) and is a function of the location in the channel and the time
due to tidal fluctuations. Convention usually has h as a negative value, but in this case h is
positive to maintain a positive area calculation and keep the transport in the direction of

.

can be decomposed into two components:
Equation 7
where

is the mean low water depth at location y and

is the tidal signal in meters

described further in section 3.2.4.

3.2.1. Generation of the

Term

Velocity as a function of depth and time,

, was measured by the downward-looking ADCP

mounted on each mooring. Although the subtidal (tidally filtered) transport is of primary concern
in this study, the tidal component of the current used in Equation 6 was intentionally not removed
before calculating the transport. This was done since the tidal height differences in the channel
have a direct affect on the current. Because a correction for tidal height is made in Equation 6,
, the tidal velocity must be included as well; otherwise the subtidal transport would carry
with it an aliased tidal signal. To calculate subtidal transport, a 33 hour Lanczos low pass filter
was applied to remove the high frequency tidal component after calculating the total transport.
The frequency response of the filter is shown in Figure 3.
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3.2.2. Generation of the b and

Terms

The bathymetry of the channel is used to find both b, and

. To create the bathymetric profile,

a cross sectional cut-line was chosen for each channel using the rotation angles found from
principal component analysis as described in section 4.1. The location of this line was chosen to
transect the channel as close to the buoy location as possible, and at the angle normal to the major
axis current.

Figure 16: Bathymetric images of Portland Channel, Hussey Sound and Broad Sound (left
to right). Buoy locations in each channel are marked with a red dot. Cross section locations are
marked with a red line.

Several aspects of the buoy locations and cross-sections shown in Figure 16 are noteworthy. The
Portland Channel buoy was initially deployed in the center of the channel with the Portland
Harbormaster’s permission, but was later required to be outside the major shipping lane and was
placed to the western side of the center of the channel. Consequently, the buoy location is
roughly 5 meters shallower than the deepest section of the channel. The mooring location in
Hussey Sound was directly behind a six meter mound (labeled “Soldier Ledge” on nautical
charts) and in front of an eighteen meter canyon (see Figure 16). Although the mooring was in
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the center of the channel, bathymetry may have an influence on the current, especially near the
bottom. In Broad Sound, the 15° rotation angle predicated a cross-section with terminus
locations at the northern end of Ministerial Island and the southern end of Upper Flag Island. The
cross section is therefore about 400 m away from the mooring location. The bottom profile
between the cross section and mooring is roughly flat, however, and is not expected to contribute
to significant error.
A depth profile along each transect line was then created using NOAA bathymetry data of the
region (NOS Hydrographic Survey numbers H06677, H10963 and H06732). Points between the
survey grid were interpolated using a Piecewise Cubic Hermite Interpolating Polynomial
(“PCHIP”). The method was chosen to maintain local maxima and minima while not allowing
interpolated values to exceed actual depth soundings.

Figure 17: Bathymetric profiles of each channel in the study area. Portland Channel (blue),
Hussey Sound (red) and Broad Sound (black).
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3.2.3. Generation of the

Term

Rather than use a simple Law of the Wall or frictional boundary estimate to adjust the flow in the
channel, an empirical approach was used to develop a transfer function that relates current
observed at the buoy with current observed at other points in the channel. To derive the transfer
function,

, shipboard ADCP transects across the channel were used to find cross-channel

variability in current. These transects were conducted using an ADCP mounted 1.5 meters below
the surface of the water and were completed periodically over a full tidal cycle. In Portland
Channel, these were completed on November 2, 2004 between 6:02am and 7:03pm. In Hussey
Sound, transects were completed on May 22, 2004 between 11:34am and 11:07pm; and in Broad
Sound, transects were completed on May 21, 2004 between 12:50pm and 12:26am.
Individual ADCP data points are meaningless unless averaged together over a certain period.
Noise is inherent in each ping; yet multiple pings can be averaged to produce a measurement
close to the actual water velocity. Because the measurements were taken on a moving ship, the
number of pings required to produce a valid average would optimally be minimized, increasing
the spatial resolution. In this study, conductivity and temperature measurements were also taken
periodically while the ship was stationary at specific locations.
Using ADCP data collected at these times, it is possible to find the optimal number of Doppler
pings to average. Starting by averaging only two pings and increasing the length of the average
while the ship is at rest, the data converge on a final value (Figure 18). In this study, we will
average 200 pings, allowing for a horizontal spatial scale on the order of 80m.
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Figure 18: Example plot of ADCP velocity value convergence after averaging X number of
measurements. Averaging 200 ADCP samples provides an accurate value with minimal
measurements.

Having selected the number of pings to average giving a spatial scale of about 80m, it is possible
to choose locations across each channel where cross-channel variability will be measured. In
Portland channel, locations 130m, 310m, 375m 550m and 780m from the western shore were
used as stations to find variation in along-channel current. In Hussey Sound, locations 423m,
571m, 719m, 873m, and 1018m from the western shore were used; and in Broad Sound, locations
425m, 850m, 1063m, 1275m, and 1700m from the western shore were used. Stations were
chosen so that one station is near the buoy location, an additional station is over the deepest part
of the channel (if needed), and other stations are evenly spaced between those stations and the
shore. These locations are optimal for generation of the transfer function, but were not always
aligned with the locations where conductivity and temperature measurements were taken. For
this reason, underway ADCP measurements were used instead of the ADCP measurements taken
when the ship was stationary.
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Over a full tidal cycle, 11 transects were made in Portland Channel, 15 in Hussey Sound and 9 in
Broad Sound. The tidally averaged current at various depths and horizontal positions are shown
as a arrow plots in Figure 19. Upward arrows represent current flowing into the inner bay, and
downward arrows represent current flowing out of the inner bay. On the day the transects were
conducted in Portland Channel, current was flowing out in all locations. However, at the surface
near the middle of the channel, current appears to be flowing outward slower than at the sides of
the channel. This may be due to wind stress, as relatively strong winds (8 m/s) were recorded in
blowing into the inner bay in the along-channel direction at the time the transects were taken. In
Hussey Sound, the usual two layer flow was observed with more intense outflow on the western
side of the channel, and more intense inflow at the eastern side. In Broad Sound, there was net
outflow near the surface, especially on the western side of the channel, and net inflow at depth.
Near 21 m depth, there is notable reversal in the tidally averaged current.
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Figure 19: Channel cross-sections of tidally averaged along-channel velocity magnitude
measured by shipboard ADCP. Velocity magnitudes in Portland Channel (top), Hussey Sound
(middle) and Broad Sound (bottom) are shown into the inner bay (upward arrows) and out of the
inner bay (downward arrows).

46

Data from these transects was used to find the transfer function. For each individual transect, the
measurements at each station and at each depth were plotted along the tidal sinusoid. The data at
each station and depth was then interpolated at 5 minute intervals to fit the tidal signal so that
time differences between ADCP measurements at different stations could be accounted for. Each
station’s data was then normalized to the station data closest to the buoy mooring location. The
resulting normalized data points for each transect at each station were then averaged over the full
tidal cycle to produce a single multiplying factor for each station and depth normalized to the
buoy location (Equation 8). This factor is the relative observed current speed at discrete
horizontal locations across each channel and at each binned depth with respect to the mooring
location.

Equation 8

Where

is the multiplying factor as a function of both station location, s, and depth, z. T is

the total number of transects taken in that channel, and
particular transect, station and depth.

is the measured current at a

is the measured current at the buoy location during a

particular transect and at a particular depth.
The cross-channel multiplying factors at each station and depth,

, were then interpolated

using the PCHIP method to create a smooth transfer function relating current at any depth bin and
any horizontal location in the channel with the velocity measured at that depth bin at the buoy.
This is the transfer function

in Equation 6.

A surface plot of the transfer function magnitude in each channel (Figure 20) shows how the
current magnitude and direction at all points in the channel is predicted to change relative to the
buoy location. Values of 1 indicate that current at that location is predicted to be exactly the
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same magnitude and direction as the current measured by the buoy. Negative values indicate that
current is predicted to move in the opposite direction to current measured at the buoy. This was
the case for western sections of Broad Sound (also seen in Figure 19) and is an indication of the
high observed across-channel variability.
It should be noted that despite the bathymetry of Broad Sound and current at the buoy indicating
that the angle of the dividing plane should be 15°, the measured angle of the major axis current
during the ADCP transects changes significantly at locations away from the center of the channel.
Measurements of current 450 m from the eastern side of Broad Sound show the magnitudes of the
major and minor axis to be nearly equal, indicating roughly circular flow over a tidal period.
However, 400 m to the west, current is not as rotational, but aligned at a 30° angle rather than a
15° angle. Broad Sound has been observed to have an increased elliptical nature as compared to
the other channels (Janzen and Pettigrew, 2011), but it appears that the major/minor axes ratios
change even within the channel as well. The variance in flow angle was predicted by models
(Xue and Du, 2010) and may contribute to small errors (on the order of 5%) in the Broad Sound
transport equation that are beyond the ability of the transfer function to adequately resolve.
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Figure 20: Surface plot of transfer function magnitude for each channel in the study area.
Portland Chanel (top), Hussey Sound (middle), and Broad Sound (bottom). The location of the
buoy measurements is shown as a black line. Values above 1 denote areas where current moves
faster than that recorded at the buoy. Values below 1 denote areas where current moves slower
than at the buoy. Negative values indicate where current is predicted to move in the opposite
direction as the current measured at the buoy.
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The transfer function profile of Hussey Sound also indicates some interesting details of the
current flow (center plot, Figure 20). Current on the eastern side of the channel appears to be
stronger than on the western side during flood tide (see Appendix C.2). The difference in alongchannel current velocity between the western and eastern side of Hussey Sound was roughly 0.1
m/s. At the time this transect was taken, the tidally averaged flow was positive (into the inner
bay) at all locations except near the surface on the extreme western side. The intensification of
current toward the eastern side is typical of a geostrophic type flow. To check the possibility of
geostrophic influence in Hussey Sound, the density record (Figure 5) can be used to calculate the
Kelvin number (Equation 9).

Equation 9

Where L is the length scale of the channel and R is the baroclinic Rossby radius shown in
Equation 10 (following Emery and Thomson, 2004).
Equation 10

The local coriolis parameter is f, and
where n is an integer and

is the propagation speed of long internal gravity waves,

is given in Equation 11.

Equation 11

Here, H is the water depth, and N is the Brunt-Vaisala frequency given by Equation 12.

Equation 12

g is gravitational acceleration, and ρ is density. We are interested in the first baroclinic mode,
when

. In Hussey Sound, L = 1200 m and H = 28 m. On the day the transects were taken,

was approximately 1024 kg/m3 and

was approximately 1025 kg/m3. The Kelvin number in
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this case is roughly 0.6, indicating that rotation is likely not the dominant factor causing
intensification on the eastern side of the channel. However, some horizontal sheering of the
current flow due to geostrophy may be expected in this regime; especially under weak to
moderate frictional conditions (Valle-Levinson, 2008).
Under normal conditions, bathymetric steering in Hussey Sound may contribute to the remaining
lateral differences in current velocities. An additional current velocity intensification on the order
of 0.1 m/s appears in the eastern side of Hussey Sound below 20 m. The bathymetry of Hussey
Sound (Figure 16) includes a deep channel to the eastern side of the sound, and there is a shallow
outcropping near the western side of the channel by Peaks Island. It seems likely that flood
currents may be focused to the eastern side of Hussey Sound by the shallow outcropping and
cause the elevated transfer function values (hot colors) seen in Figure 20 and Appendix C.2. Ebb
currents recorded at this location may be partially diverted by Soldier Ledge to the north, causing
the intensification in current seen at the edges of the channel (see Appendix C.2). Thus, the
current structure in Hussey Sound may be influenced by local bathymetry and to some extent,
geostrophy.
Broad Sound also shows a difference between flood and ebb current. Flood currents in Broad
Sound on the day the transects were taken were strongest on the eastern side of the channel.
Comparatively, very week flood currents were observed in the western half of Broad Sound
(Appendix C.3). However, the ebb currents in Broad Sound were more intense on the western
side, suggesting cross-channel tidal asymmetry in the flow field through Broad Sound. Due to
the wide channel, geostrophy may influence the lateral structure of along-channel current in
Broad Sound. The Kelvin number for Broad Sound on the day the transects were taken (L=2000
m, H = 45 and

roughly 1024 kg/m3 and

roughly 1025 kg/m3) was 0.9. The higher Kelvin

number indicates the potential presence of rotational influences on current. Broad Sound is a
complicated region, and the main channel is divided by several islands. If the width of the
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channel is chosen so only Luckse Sound is excluded, L=3500 m and the Kelvin number is then
1.5, making geostrophic influence likely.
These lateral differences in the ebb and flood stage flow through Broad Sound may be important
when calculating the total transport through that channel. Since transport at the tidal frequency
was removed by a low pass filter, the tidally averaged transport function (shown in Figure 20)
was used to calculate net transport. However, as will be discussed in section 4.3.2., acrosschannel asymmetry of both tidal and non-tidal currents in Broad Sound may factor in balancing
net flux to the upper section of interior Casco Bay.
On the day the transects in Portland Channel were taken, lateral current structure appears not to
be significantly influenced by rotation (the Kelvin number is roughly 0.4). However, flood
currents appear to be stronger in the center of the channel, while ebb currents are more evenly
distributed across the entire channel (Appendix C.1). In both cases, current near the surface is
slightly stronger than current at depth, typical of a narrow channel with moderate frictional
conditions (Valle-Levinson, 2008).

3.2.4. Generation of the

Term

The final correction factor made to the volumetric flux accounts for the variation in cross
sectional area generated by the tidal signal. The mean tidal range at Portland harbor is 2.78 m
(NOAA Tides and Currents) which adds an additional 2,516 m2 in Portland Channel, 3,480 m2 in
Hussey Sound and 5,630 m2 in Broad Sound to the cross sectional area. To compensate, the
height of the bottom 1m bin in each channel (illustrated in Figure 15 as the yellow boxes) was
forced to modulate according to the Portland tide gauge signal (NOAA station 8418150).
Predicted tide elevations for the study period were normalized to mean low water to provide the
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tidally modulated size of the bottom bin,
average high tide of 2.78 m,

. Thus, at mean low water,

and at the

. Horizontal change in area due to the tidal signal is

negligible since the sidewalls of each channel are relatively steep. Due to the small percentage
the vertical correction factor has on the overall area, the impact to the transport calculation is
small; much less than a 1% change in all channels.

3.3. Sensitivity of Transport to the Transfer Function,
Before results of the transport calculations are discussed in detail, it will be helpful to determine
the sensitivity of the transport calculations to the transfer function,

. Because the transfer

function was calculated using data from ADCP transects, it is first necessary to estimate the error
in the ADCP transect measurements to quantify the possible error in the transfer function. A
comparison of underway ADCP transects (used to find the transfer function) and stationary
samples (collected while the ship was stopped for conductivity and temperature samples) will
help quantify the amount of error inherent in the transfer function due to ADCP measurement
error. Selecting sequential transects and adjacent stations allows comparison of two
measurements less than 15 minutes and 40 m apart; one collected while the ship was underway,
and one collected while the ship was stationary. The difference between these two measurements
is less than 5% at all depths.
Additionally, data from each shipboard ADCP transect taken near the buoy location can be
compared to the measured buoy data. This comparison allows for an estimate of error between
the transect measurements and the buoy time series data. Even though there is a 15 minute
difference between the sampling times of the ship and buoy, the error between the two
measurements is less than 10% at all depths. Although buoy data was not used to generate the
transfer function, this estimate of error gives a useful comparison between the two ADCPs used
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in this study. Given that they are not measuring the exact same water column (they are however
close in proximity and time) the 10% error is expected.
Finally, since the transfer function was derived from data taken over only 12 hours, there may be
error in the transfer function due to the fact that conditions on that particular day may be different
from the average conditions. On the day the transects were taken, tidally averaged current in
Portland Channel was generally flowing from the inner bay to the outer bay 0.015 m/s (0.5%)
slower at the surface than it usually does. Tidally averaged surface current in Hussey Sound was
flowing from the inner bay to the outer bay about 0.01 m/s (0.8%) slower than it usually does. At
depth in Hussey Sound, tidally averaged current was flowing from the outer bay to the inner bay
about 0.025 m/s (0.4%) slower than is typical. Broad Sound tidally averaged current was flowing
from the outer bay to the inner bay about 0.02 m/s (3%) slower than normal at the surface, and
near the average rate below 20m.
One way to test the sensitivity of the transport calculations to the transfer function, is to use the
estimated sources of error to re-calculate the transfer function and resulting transport and
compare to the original transport value. In the absolute worst case, the measurements made at the
reference station (next to the buoy) would be consistently 5% faster or slower than the
measurements made at the other stations. This type of error would increase or decrease the
overall transfer function values at other stations (and all depths) by 5%. Corrections can be made
for deviations in average current on the day the transects were taken as well. In Portland
Channel, transfer function values can be increased by 0.5%. In Hussey Sound, transfer function
values above 10 m can be decreased by 0.8% and values below 10 m can be increased by 0.4%.
In Broad Sound, transfer function values at locations above 20 m can be decreased by 3%.
Using the re-calculated transfer functions to determine transport finally gives a measure of the
sensitivity of transport to the transfer function. In Portland Channel, the average transport toward
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the outer bay increased by about 0.3%. Transport toward the outer bay on the surface of Hussey
Sound increased by 1.2%, and transport at depth increased 0.8% toward the inner bay. In Broad
Sound, transport at the surface increased 1.8% toward the inner bay and transport at depth
increased 1.3% toward the inner bay. These small changes to the transport magnitude indicate
that the transfer function is fairly robust to errors in current measurement of the order expected in
this study.
Interestingly, if no transfer function were used, and current velocity measured at the buoy was
applied across the entire channel (as in the hypothetical first order approximation of Equation 5),
average transport toward the outer bay in Portland Channel would be 27% higher, Hussey Sound
transport toward the inner bay would be 18% higher, and Broad Sound average transport to the
inner bay would be 84% higher. Thus, the transfer function adjustment itself is far more
important than the estimated potential error inherent in the transfer function, especially in Broad
Sound where the channel width is roughly 50 times the depth.
One source of error to the transfer function that has not been accounted for is that caused by
potentially anomalous cross-channel current conditions on the day the transects were taken. The
measurements in Portland Channel were taken at a different time of the year than those in Hussey
Sound and Broad Sound (November as opposed to May). If parts of the channel behave
differently under different weather conditions or in different seasons, observations over a single
tidal cycle would not resolve this error. Ideally, the transfer function,

, would also be a

function of time. This would allow the relative adjustment made to current in the channel to
change seasonally or episodically, reflecting temporal changes to horizontal current structure.
Unfortunately, better resolution of the transfer function (both in space and time) and any direct
measurement of error will need to wait for further study involving multiple transects over several
days.
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CHAPTER 4
RESULTS OF TRANSPORT ANALYSIS

4.1. Vertically Integrated Volume Transport
The vertically integrated volume transport in each channel is shown as a time series in Figure 21.
This is a time series of the total volume of water calculated to pass through each channel using
Equation 6. Average vertically integrated transport in Portland Channel was 376 m3/s toward the
outer bay. The variation in Portland Channel transport is relatively seasonally consistent
compared to the other two channels. However, it is interesting to note that in the spring, transport
in Portland Channel appears to be stronger than average toward the outer bay; and in the summer,
transport appears to be weaker than average toward the outer bay. More on the seasonal transport
differences is discussed in section 4.4.
In Hussey Sound, mean vertically integrated transport is 650 m3/s toward the inner bay.
Variability in transport volume is larger in Hussey Sound than in Portland Channel, with several
events in spring and winter where the transport fluctuates significantly around the mean. Summer
is a much calmer period, however, with transport variance being roughly the same as in Portland
Channel.
Broad Sound transport was found to average 831 m3/s toward the inner bay. Not only is the
transport volume the largest in Broad Sound, but the variability is as well. Spring and winter are
particularly volatile periods, where transport volume can fluctuate as much as 4000 m3/s (2000
m3/s toward the outer bay to 2000 m3/s toward the inner bay) in a single event. Again, summer
appears to be the calmest period in Broad Sound.
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Figure 21: Depth integrated volume transport through each channel. Portland Channel
(top), Hussey Sound (middle) and Broad Sound (bottom). Positive values represent flow into the
inner bay and negative values represent flow out of the inner bay.
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4.2. Total Transport
The sum of the depth integrated flux from each channel is the total flux between the inner and
outer sections of Casco Bay, assuming transport through other minor channels is insignificant.
The total volume flux is shown as a time series in Figure 22. The red line is the seasonal average
transport (spring, summer, fall and winter) interpolated to form a smooth fit.

Figure 22: Total depth-integrated volume transport between inner and outer Casco Bay.
Zero net transport is denoted by the black line. The red line is the seasonally averaged and
interpolated net transport.

Several interesting transport characteristics are apparent from the total volume flux. First, the
average transport is positive (flux into the inner bay) for the entire period. This cannot happen in
reality, otherwise coastal communities would quickly find themselves underwater. Rather, this
net positive inflow likely stems from additional flow through channels that were not measured in
this study. Second, the variance in spring and winter is much greater than in the summer.
Exchange in spring and winter is enhanced by storms; the details of which are discussed further in
section 6.3. Summer months also appear to have a stronger net positive transport (or
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alternatively, spring and winter months have a stronger negative transport.) Details of why this
may be are discussed in section 6.6.

4.3. Transport Error
Total net transport between the inner and outer sections of the bay should be zero. That is, water
should neither be accumulating nor depleting from the inner bay in the long term. However, the
transport calculated using these data indicate a positive net accumulation in the inner bay. The
mean transport flux over the entire record is 1099.5 m3/s, At this rate, the water level in Casco
Bay would increase by half a meter per day – which is clearly not the case. In order to make the
transport calculation in Equation 6, three assumptions were made: 1) Transport between the inner
and outer sections of Casco Bay is limited to Portland Channel, Hussey Sound and Broad Sound.
2) Current at the surface behaves the same as current measured by the ADCP 3.5 or five meters
below the surface. A third assumption, that velocity recorded by the ADCP at the mooring
location is the same at that depth at all points across the channel, was partially adjusted for using
the transfer function.
Assumption 2 applies to the surface, where velocities were extrapolated from known velocities
below. In most cases, the change of current velocity with depth in the measured upper layer (to
10 m) was small. The small rate of change with depth near the surface indicates that
extrapolating velocity to the surface is not likely to impart significant error to the transport
calculation. Therefore, we will look at the possible impact of assumption 1: that other channels
may contribute to transport error and explain the remaining positive net transport.
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4.3.1. Transport Error in the Lower Section of Inner Casco Bay
Broad Sound is expected to contribute the largest error in the transport calculation due to the wide
channel, complicated local bathymetry and adjacent minor channels. Removing Broad Sound
from the total flux calculation removes much of the transport error and shows a much closer flux
balance between the inner and outer sections of lower Casco Bay (Figure 23). The mean flux
through Portland Channel and Hussey Sound for the entire period is 265 m3/s. This is not an
insignificant amount (the sea level of the inner bay would rise at a rate of 45 m/year). However,
the mean is within 1 standard deviation of zero, and the discrepancy is less than 1% of the
variance in Portland Channel.
The excess net flow may be attributed to flux through Whitehead passage (adjacent to Portland
Channel), Chandler’s Cove (north of Hussey Sound) or through Littlejohn passage that were not
measured in this study. Additionally, a small error may be associated with the fact that the
Portland Channel buoy was not located in the deepest section of the channel. As such, data for
two extra meters needed to be extrapolated to the bottom of the channel.

Figure 23: Net transport in the lower lobe of inner Casco Bay. Mean transport is shown as
the black dotted line.
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Despite the small deviation from zero, Portland Channel and Hussey Sound, both of which
connect the lower inner section of Casco Bay with the outer section, appear to have nearly
balanced exchange. Inflow below twelve meters in Hussey Sound is roughly balanced by outflow
in Portland Channel and occasional outflow on the surface of Hussey Sound. Despite the net
balance, large individual events affecting the lower lobe of the bay appear in the transport record.
For instance, significant outflow events occurred in the spring (early and mid-April) and large
inflow and outflow events happened in November and December.
As fresh water is discharged from the Presumpscot River and local coastline, pressure gradients
affecting flow in Portland Channel and Hussey Sound change. With more fresh water near shore
during a discharge event, the baroclinicity increases, magnifying the difference between current
magnitude on the surface and at depth. However, under strong discharge conditions, the sea
surface height near the shore may increase and affect the barotropic pressure gradient. At times,
the barotropic component may overcome the baroclinic component, increasing the depth at which
outflow occurs in Hussey Sound, and intensifying the outflow at depth in Portland Channel.

4.3.2. Transport Error in the Upper Section of Inner Casco Bay
The 830 m3/s net positive flux through Broad Sound (red mean in Figure 21) is more than one
standard deviation away from zero; in fact there are only a few times in the record where net
negative flux was recorded. Since Broad Sound is the only major channel connecting the upper
inner bay to the outer bay, this positive net flux implies that more water enters the upper bay than
exits. This suggests that there are likely other channels that need to be considered as potential
areas of exchange between the apparent net inflow of the Broad Sound region and the outer bay.

61
The bathymetry around the bifurcation of Luckse Sound and Broad Sound suggest a possible
explanation for why there is a net inflow through Broad Sound. The southern entrance to Luckse
Sound is partially blocked by islands (see Figure 1), whereas the southern entrance to Broad
Sound is open. From the north, however, Luckse Sound and Broad Sound are both open and
divided only by Stockman Island. If bathymetry in this location does affect flow, tidal current
may be preferentially entering the lower bay through Broad Sound and preferentially leaving
through Luckse Sound, creating a net inflow observed through Broad Sound.
Current through Luckse Sound was not measured by the buoy, and was not accounted for in the
flux calculations. To measure the potential flux contribution of other channels, however, Luckse
Sound was included as part of the shipboard ADCP transect measurements. The center of Luckse
Sound was observed over a full tidal cycle approximately every 75 minutes. Interestingly, the
outgoing tidal current through Luckse Sound was observed to be roughly 1.5 times stronger than
the incoming tidal current at the same location and depth. Figure 24 shows the depth-averaged
flood tide current (positive) and ebb tide current (negative) at the buoy location in Broad Sound
and Luckse Sound.
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Figure 24: Tidal signal (velocity in m/s) recorded in Broad Sound (red) and Luckse Sound
(black) during transect measurements. Dotted lines are the mean velocities recorded over the
tidal period. Broad Sound mean tidal velocity recorded at the time the transects were taken was
0.0346 m/s. The mean tidal velocity recorded concurrently in Luckse Sound was -0.0451 m/s.

An estimate of the contribution of this flow difference to the total flux can be made if the
observed difference in tidal current between Broad Sound and Luckse Sound is assumed to be
representative of all tides. A band-pass (fourth order Butterworth) filter tuned to the M2 tidal
frequency was used to isolate the tidal signal and remove any residual transport that may have
occurred during the observational period. The filter response curve is shown in Figure 25. In
Broad Sound, the average tidal transport (with all subtidal components of transport removed) is
roughly

m3/s. If 10% of this average tidal flow were preferentially diverted through

Luckse Sound as described above, the net transport through Broad Sound would match the
observed transport.
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Figure 25: Band-pass response curve used to find the mean transport volume through
Broad Sound due to tide alone. The period of the M2 tide is indicated by the red arrow in the
center of the passband.

The cross sectional area of Luckse Sound is approximately 9330 m2, and the tidally averaged
difference in tidal flow (see Figure 24) was observed by the shipboard ADCP transects to be
about 0.0797 m/s. Because the channel is relatively narrow, we can apply Equation 5 to find the
estimated transport. If the observed difference in tidal flow is the same at all points in Luckse
Sound, the extra ebb tidal flux is roughly 700 m3/s. Thus, this rough calculation of tidal
asymmetry between these two channels accounts for about 84% of the total observed flux error in
the upper bay.
Stronger outflow in western sections of Broad Sound were also observed over a tidal cycle
(Figure 19). Although the transfer function accounts for the relative difference between the buoy
and other points in the channel observed on that day, there is no way to know if the across
channel variation happened to be lower on the day the transects were measured. If the tidal
outflow is usually stronger on the western side of Broad Sound, additional outflow would add to
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the Luckse Sound net outflow and further improve the flux balance. The vertically averaged net
outflow in Broad Sound is also seen in models (Figure 2).
This evidence alone is not enough to conclude that preferential outflow through Luckse Sound is
the primary contributor to the flux discrepancy seen in Broad Sound. It is possible that there was
a mean net circulation pattern that caused net outflow in Luckse Sound and net inflow in Broad
Sound the day the transects were taken. To verify that this net difference between tidal current in
Broad Sound and Luckse Sound was indeed due to tidal differences and not mean flow, we can
use the spring/neap tidal cycle. Because the spring/neap signal (on the order of 336 hours) is not
removed by the Lanczos filter (Figure 3) any difference in transport caused by the tide would be
larger during a spring tide and weaker during a neap tide. Thus, we can look at the difference in
average transport through Broad Sound during spring tides and neap tides to check the theory that
some of the net positive transport through Broad Sound may be tidally driven.
Using the same bandpass filter in Figure 25, we can isolate the tidal component of Broad Sound
current. From this time series, the periods where spring tides and neap tides were present can be
identified. Figure 26 shows an example of the bandpass filtered tidal signal in Broad Sound. For
the purposes of this study, spring tides were defined as tides where maximum tidal current
exceeded 0.4 m/s and neap tides were defined as tides where the maximum current was less than
0.3 m/s.
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Figure 26: Time series of the M2 tidal component in Broad Sound.

After identifying the spring and neap periods, the maximum (spring) and minimum (neap) tidal
cycles were identified as representing the peak spring or peak neap period. The transport in each
62 hour peak spring or neap tide period was then averaged, creating a data set of mean total
transport during each spring and neap tidal cycles. Spring and neap tidal cycles that happened to
coincide with storm events (April 2nd and May 27th) and may have forced subtidal transport
were removed as anomalous points. The remaining average transport magnitudes are plotted in
Figure 27.
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Figure 27: Mean depth averaged transport magnitude in Broad Sound during both spring
and neap tidal periods. The mean transport in Broad Sound is statistically higher (above the
95% confidence level) during spring tidal cycles than during neap tidal cycles, suggesting that
some of the net positive transport through Broad Sound may be due to tidal asymmetry.

Although the data set is small (eleven spring tide and eleven neap tidal points) the means are
statistically different to the 95% confidence level. During the larger spring tides, the mean
transport is statistically larger toward the inner bay than during the smaller neap tide.
Furthermore, mean net transport in Portland Channel and Hussey Sound are not statistically
different during spring tides and neap tides. This result supports the hypothesis that tidal current
preferentially enters Broad Sound and leaves through Luckse Sound, and explains a significant
portion of the net positive transport seen in Broad Sound. The tidal asymmetry between Broad
and Luckse Sounds does not explain the entire transport difference, however. Other factors may
also act to balance the flux through Broad Sound that were not observed in this study.
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Current veering (angle of horizontal flow) and cross-channel current variation were observed in
Broad Sound as well, which may contribute to additional flux error. There is no way to tell from
this data set how these anomalies change over time scales greater than a tidal cycle. On the day
the transects were recorded, net outflow was observed in the western side of Broad Sound (Figure
19 and Appendix C.3). Although vertically averaged net outflow was also predicted in the
western side of Broad Sound by models, results from this study cannot determine whether the
outflow seen on that day was typical. If it was not, the western side of Broad Sound may be an
important factor in further refining the transport balance.

4.4. Seasonal Transport Analysis
Just as current in each channel has seasonal differences, the transport through each channel
changes seasonally as well. The mean depth integrated seasonal flux magnitudes and standard
deviation in each channel are shown in tables 4.1 and 4.2.

Mean
Spring
Summer
Portland Channel
-480
-320
Hussey Sound
550
730
Broad Sound
760
920
Table 3: Mean seasonal transport (m3/s)

Fall
-330
810
870

Winter
-370
520
770

Standard Deviation
Spring
Summer
Fall
Portland Channel
260
200
280
Hussey Sound
510
250
360
Broad Sound
610
360
550
Table 4: Seasonal transport standard deviation

Winter
340
540
770

Generally, transport is more negative (toward the outer bay) in the spring and winter months. The
standard deviation in transport is also significantly lower in the summer months than it is during
other times of the year.
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4.4.1. Portland Channel
Aside from a few brief periods, transport in Portland Channel flows from the inner bay to the
outer bay. Seasonal transport as a function of depth in Portland Channel is shown in Figure 28.

Figure 28: Transport in Portland Channel as a function of depth by season.

The largest volume flux occurs near the surface in Portland Channel and appears to be largest in
the spring and winter months. Most (78%) of the total depth-integrated flux is in the top 10 m of
the channel. The surface also contains the most seasonal variation, with a standard deviation
three times as high as at 10 m depth (8.7 as opposed to 2.75).
It is important to realize that current in Portland Channel is roughly uniform with depth (refer to
Figure 4). The increased volume transport at the surface is mostly a function of channel width.
Thus, a particle at the surface and a particle at 20 m depth would travel about the same distance in
a certain amount of time. However, much more surface water (and near-surface particles) would
have left the inner bay in the same amount of time.
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4.4.2. Hussey Sound
Hussey Sound generally transports water from the outer bay to the inner bay, with a few notable
exceptions where storms force transport to reverse. However, Hussey Sound has a more
complicated transport depth profile than Portland Channel. Typically, there is bi-directional flow
in the spring, fall and winter months. Water generally flows out of the inner bay on the surface,
and into the inner bay below 12m as shown by Figure 29. In the summer, the surface flow is
much weaker, resulting in almost no net flow above 10 m. Seasonal mean flux and standard
deviation are shown in tables 4.1 and 4.2.

Figure 29: Transport in Hussey Sound as a function of depth by season.

There is strong inflow below 10 m, however, with maximum transport occurring at around 24 m.
This depth is also where the largest seasonal variation is found. Seasonal variation near the
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surface of Hussey Sound is slightly less than the seasonal variation in Portland Channel (15 m3/s
compared with 20 m3/s).
Interestingly, exchange points to the lower lobe of inner Casco Bay have net outflow in all
seasons, except below 10 m in Hussey Sound. This location is the only measured source of
inflowing water to the lower interior lobe from outer Casco Bay. It is likely that most nutrients,
Alexandrium fundyense, or other particles from outer Casco Bay must pass through Hussey Sound
below 10 m to enter the lower lobe of interior Casco Bay. Furthermore, as was noted by the EOF
study of currents in Hussey Sound, flow direction in the deep sections of Hussey Sound is related
to wind forcing and discharge from the Presumpscot River. The lower average transport seen in
the spring and winter months at depth in Hussey Sound may be due to occasional barotropically
forced transport reversal during extreme discharge events. Transport reversal at depth is less
likely to be seen in summer and fall.

4.4.3. Broad Sound
Due to its large width and depth, Broad Sound transports the greatest total volume of water.
Transport was generally measured flowing into the inner bay, with a few episodes in the spring
and winter months where transport volume was reversed. Seasonal mean flux and standard
deviation are shown in tables 4.1 and 4.2 and are larger than Portland Channel and Hussey Sound.
Like Hussey Sound, Broad Sound has a complicated transport profile. Seasonally averaged flux
is minimal near the surface: slightly toward the inner bay in spring, summer and fall, and slightly
toward the outer bay in winter. Maximum volume transport occurs at around 28m depth in all
seasons.
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Figure 30: Transport in Broad Sound as a function of depth by season.

Of all the channels, Broad Sound has the largest seasonal and episodic variance. Episodic events
cause changes in current magnitude and direction (seen in Figure 4) and vastly impact the
transport characteristics. At times, the profile seen in Figure 30 can be completely reversed, with
strong inflow at the surface and outflow at depth. These events will be discussed in section 6.3.
and are an important factor contributing to transport dynamics in the upper inner lobe of Casco
Bay.

4.5. Affect of Spring Storms on Transport
A closer look at the transport as a function of depth around periods of strong salinity differences
helps to reveal some of the mechanisms driving current in Casco Bay. The large storm on April
1st brought 98 mm (3.8 inches) of rain to the Portland area, and the April 13th storm brought 48
mm (1.9 inches). The transport profile magnitude as a function of depth is shown in Figure 31 for
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the 12 hour period before each storm and the 12 hours during the peak flow in the channel as a
result of each spring storm.
These two spring storms differed in the amount of water they provided to the area. The April 1st
storm affected both Portland Channel and Hussey Sound, causing significant transport toward the
outer bay on the surface in Portland Channel and down to 20 meters in Hussey Sound. The April
13th storm was smaller, providing only about 2/3 the amount of rainfall to the area. The
Presumpscot River gauge height reflected the reduction in local rainfall and recorded a peak value
roughly 2/3 that of the April 1st storm (Figure 7). Still, the storm affected Portland Channel in a
significant way, increasing the outflow in the top 10 meters. However, the smaller spring storm
affected Hussey Sound to a much lesser extent. Both Hussey Sound and Portland Channel
connect the lower section of inner Casco Bay with the outer bay, but Portland Channel is closer to
the mouths of both the Fore River and the Presumpscot River. Also, the bathymetry indicates a
deeper channel directed from the Presumpscot toward outer Casco Bay (shown in Figure 1 and
Figure 16). The magnitude of the flux response to rain events indicate that Portland Channel may
be the primary outlet for lower flow rain events, but during large events, Hussey Sound may
contribute to negative net flux as well.
Evidence of a freshwater plume from the Kennebec entering the surface of Broad Sound is seen
during both of these spring storms. Figure 5 indicates a sharp contrast in the salinity profile after
each spring storm, and Figure 31 indicates a strengthening of surface flux toward the inner bay
on the surface and toward the outer bay around 23m. The along-shore wind direction during
these storms is favorable for Ekman surface transport toward shore. As was indicated in sections
2.2.1. and 2.2.2.3., this surface transport likely pushed the fresh Kennebec plume toward Broad
Sound, resulting in an area of fresher water just outside Broad Sound. As Kistner and Pettigrew
observed in the New Meadows River (1999), the Kennebec freshwater plume may establish
opposing barotropic and baroclinic pressure gradients that cause onshore surface flow and
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transport, and off shore bottom flow through Broad Sound. Essentially, this freshwater pulse may
act to reverse the normal estuarine flow in Broad Sound.
Interestingly, although the rainfall total in the Portland area (and consequently the Presumpscot
gauge height) was greater for the April 1st storm, the April 13th storm produced a larger
Kennebec discharge (Figure 6). The difference in river outflow may be due to the location of
each watershed. For instance, Lewiston (in the Androscoggin watershed) reported significantly
more rain on April 13th than Portland. Transport quantities in Figure 31 may reflect the
difference in river output. In the lower bay, where the Presumpscot River is the dominant
freshwater source and Portland Channel and Hussey Sound are the available conduits, outflow
volume is greater for the April 1st event. However, in the upper bay where Broad Sound is the
most significant conduit and the Kennebec system is the major source of freshwater, the April
13th event caused the strongest volume transport, even though the wind speed was weaker.
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Figure 31: Volume transport profile in Portland Channel (top) Hussey Sound (middle) and
Broad Sound (bottom) during April 1 (left column) and April 13 (right column) storms.
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The springtime discharge volume of the Presumpscot River seems to affect transport in the lower
bay (Portland Channel and Hussey Sound) and the Kennebec discharge affects transport in the
upper bay (Broad Sound). Furthermore, the discharge quantity appears to affect the amount of
shoreward surface transport and seaward transport at depth seen in Broad Sound. The New
Meadows River estuary (which is much closer to the mouth of the Kennebec), was observed to
reverse flow in the presence of Kennebec plume water regardless of the Kennebec discharge
quantity (Kistner and Pettigrew, 1999). Observations in Broad Sound, roughly twice the distance
from the mouth of the Kennebec, show that the magnitude of Kennebec freshwater discharge may
have an impact on the magnitude of baroclinic flow (Figure 31).

4.6. Affect of Other Events on Transport
A transport response similar to the April events is seen again after the December 7the storm,
which provided 31mm (1.2 inches) of precipitation on top of roughly half an inch of snow.
Outflow through Portland Channel intensified following the storm (Figure 32). The flow pattern
in Hussey Sound also changed from the typical transport toward the inner bay below the surface
to nearly consistent transport out of the inner bay. Although the magnitude of the December
storm was similar to the April 13th event, the duration of water discharge due to snowmelt was
longer. The Presumpscot River stream gauge was elevated 50% above the average discharge
level for seven days after the December storm; significantly more than the two days of elevated
discharge after the April 13th storm. The transport profile in Broad Sound indicates that the
response to the winter event was similar to the spring events. The December storm completely
reversed the current profile.
In contrast, Broad Sound behaves very differently after the August 13th event that provided 83.4
mm (3.28 inches) of rain to the Portland area. This significant storm caused strong salinity
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differences between surface water and deep water in Portland Channel and Hussey Sound, but not
in Broad Sound (Figure21). Transport profiles show elevated outflow occurring in Portland
Channel, with some additional outflow in Hussey Sound (Figure 32). Although there was
significant rain, the Presumpscot River gauge height was lower than both April storms, and the
transport response is proportional. Broad Sound, however, appears to have some additional
transport at the surface, but essentially no change to the transport profile below 23m.
Wind patterns may partially explain these differences in transport profiles. As noted by Janzen et
al (2005), downwelling favorable winds (from the northeast) transport freshwater from the
Kennebec plume onshore. Upwelling favorable winds (from the southwest) tend to force the
freshwater plume off shore. Near Broad Sound, however, onshore current becomes more closely
coherent with onshore wind (from the southeast). The storms in April and December each had
downwelling favorable winds as measured by both the Broad Sound Buoy and Buoy C just
outside Casco Bay, making transport of freshwater toward shore more likely (Figure 33). Salinity
spikes were observed in all three channels during these times.
In contrast, the August storm brought primarily onshore winds with lots of rain but low Kennebec
discharge (Figure 6). Both the low river discharge and wind direction make plume water less
likely to enter the mouth of Casco Bay. Consequently, little freshwater was observed in Broad
Sound during the August storm. The large density driven onshore transport at the surface and
offshore transport at depth was not seen in Broad Sound, due to the absence of the freshwater
plume. Even so, onshore transport near the surface was still observed in Broad Sound, likely due
to the onshore winds.
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Figure 32: Volume transport profile in Portland Channel (top), Hussey Sound (middle) and
Broad Sound (bottom) during August 13 (left column) and December 7 (right column)
storms.
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Winds appear to influence transport in Casco Bay seasonally as well. Summer winds are
predominantly upwelling favorable and relatively weak (Figure 34). This pattern would make it
less likely for water from the Kennebec to enter outer Casco Bay. Strong wind driven transport
between the inner and outer bay is also unlikely in summer, especially for Portland Channel and
Hussey Sound. In these channels, the predominant summer wind angle is nearly perpendicular to
the direction of the channel. In contrast, winter wind magnitude is often greater and the direction
is generally in the along-channel direction, making wind driven exchange more likely. Winter
winds from the northeast make freshwater transport from the Kennebec to inner Casco Bay
possible.
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Figure 33: Wind magnitude and direction for April 1, April 13, Aug 13 and December 7th
storms. Winds were measured at the Broad Sound buoy location; direction is pointing
downwind.
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Spring

Fall

Summer

Winter

Figure 34: Seasonal wind magnitude and direction. A time series stick plot of wind in each
season is shown below each wind rose. April 1, April 13, August 13 and December 7 storms are
outlined with boxes. The wind sensor was non-operational for part of the summer season.

81
Not surprisingly, spring and fall winds are characterized by a transition between the summer and
winter wind pattern. The magnitude of spring and fall winds is greatest in the along-channel
(characteristically winter) direction, again making wind driven exchange between the inner and
outer sections of Casco Bay more likely. Winds in the downwelling direction are most likely to
occur in spring and winter, and not likely to occur in summer. This seasonality is important,
since downwelling winds are required to transport significant Kennebec plume water into inner
Casco Bay.
The record of transport (Figure 21) and salinity differences with depth (Figure 5) show these
wind driven seasonal changes. In the spring, fall and winter, the transport variability is high,
likely caused by the favorable wind magnitude and direction for along-channel transport. The
likelihood of downwelling conditions bringing Kennebec plume water to create density driven
flow in Broad Sound is increased during these times as well. In the summer, the variability of
transport decreases as expected, likely due to decreased wind magnitude and predominantly
across-channel wind direction.
River outflow in the lower inner bay from the Presumpscot River causes surface salinity to
decrease after significant storms in Portland Channel and Hussey Sound. Figure 5 shows salinity
spikes in both these channels over the entire time series. In contrast, Broad Sound has significant
freshwater salinity spikes in the spring, fall and winter months, but less significant events in the
summer. Although the Royal River empties into the upper section of inner Casco Bay supplying
low amounts of fresh water, the predominant wind direction in the summer make it unlikely for
fresh water from the Kennebec to enter the bay.
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4.7. Correlation with Tide Gauge Measurements
The volume transport spikes seen in the record can be correlated to changes in water height. The
spike at the beginning of April (see Figure 22) changed average transport into the inner bay from
about 700 m3/s to -2000 m3/s. Taking the time integral of flux over the duration of the event, the
total volume of water that left the inner bay during this time can be found. If that total volume is
divided by the surface area of the inner bay, we can better visualize how much water left the inner
bay during that event. For the early April event, this turns out to be slightly less than 1 m. This
means that over the entire event, the equivalent of a slab of water roughly 1 m thick and covering
the entire inner bay was transported to the outer bay.
Note that the implication here is not that the sea surface dropped 1 m during this event. Rather,
that over the duration of the event, the volume flux through the channel has an impact on the
height of the water in the inner bay and visa-versa. A positive difference in sea surface height
between the inner and outer bay would likely initiate a net outflow through the channel in
proportion to the duration and magnitude of the height difference. Conversely, a negative
difference in sea surface height may initiate a net inflow to balance the pressure gradient. The
relationship between sea surface height in the inner bay and volume flux can be used to further
check the volume flux calculations.
NOAA tide station 8418150 records expected and measured sea surface height in Portland
Harbor. Expected height is calculated based on 37 harmonic constituents and their known
amplitude, phase and speed. Measured sea surface height is found using an acoustic sensor inside
a sounding tube. Differences between the expected and measured height reflect a net surplus or
deficit of water at the station, and may be correlated with transport of water either into or out of
the inner bay. Low-pass filtered Portland tide gauge data for the experimental period is shown in
Figure 35.
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Figure 35: Portland tide gauge differential height from predicted values. The differential
has been low pass filtered to enable comparison with transport.

Similar to the total transport shown in Figure 22, the tide gauge difference has a larger variance in
the spring and winter months. A phase lag in the correlation between the subtidal height and flux
measurements is expected, since tide height measurements represent a direct measure of the
volume of the inner bay, and flux is a measure of the rate of change of that volume. The
difference between expected and observed height (m) is observed hourly. To properly scale this
quantity for comparison with the flux measurements (m3/s) the subtidal height difference has
been multiplied by the area of the lower section of the inner bay, approximately

m2,

and divided by 3600 s/h. Table 5 contains the correlation coefficients and phase lags (in hours)
between the tide gauge difference and flux.
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Spring
PC

Summer

Fall

Winter

CorrCoef

Phase (h)

CorrCoef

Phase (h)

CorrCoef

Phase (h)

CorrCoef

Phase (h)

0.2453

50

UnCorr

UnCorr

UnCorr

UnCorr

0.2629

42

HS

0.2787

72

UnCorr

UnCorr

UnCorr

UnCorr

0.1931

34

BS

UnCorr

UnCorr

UnCorr

UnCorr

0.1949

33

UnCorr

UnCorr

Total

0.19

65

UnCorr

UnCorr

0.2323

84

0.1795

39

PC+HS

0.2943

67

UnCorr

UnCorr

UnCorr

UnCorr

0.2508

38

Table 5: Seasonal correlation coefficients and phase lags between tide gauge differential
height and flux through channels. PC is tide gauge correlation with Portland Channel, HS is
correlation with Hussey Sound, BS is correlation with Broad Sound, Total is correlation with all
channels and PC+HS is correlation with only Portland Channel plus Hussey Sound flow (the
lower bay).

The spring and winter months show a weak correlation between the flux and surface height.
Interestingly, the correlation coefficient is highest with flux contributions from Portland Channel
or from Portland Channel and Hussey Sound together. The correlation coefficient is weakest
when only the flux contribution from Broad Sound is considered. Since the tide gauge is located
in Portland (in the lower inner lobe of Casco Bay) Broad Sound does not have direct exchange
with the sea surface measurement. Only Portland Channel and Hussey Sound contribute directly
to the lower lobe of inner Casco Bay. Thus, it is reasonable to conclude that the upper inner lobe
and lower inner lobe do not have significant flow communication through Littlejohn Passage.
Furthermore, the springtime phase lag between the flux and tide gauge measurements is larger
than the wintertime lag. One possible explanation for this difference may stem from the location
of the tide gauge. The gauge is at the mouth of the Fore River, which drains a relatively small
watershed. Spring storms may quickly raise the level of that river creating a spike in the height
measurements. However, the Presumpscot River (which drains a significantly larger watershed)
may keep supplying water for a longer period in the spring than in the summer, creating a delay
in the peak flux as rainwater and snowmelt from the larger watershed exit the river. This would
create a situation where the peak in surface height (as measured by the tide gauge) happens well
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before the peak in flux (measured by the buoy). In the winter, however, the height and flux to the
lower lobe of inner Casco Bay may be forced more by wind than river discharge events. If this
were the case, the flux caused by the pressure gradient would happen much closer to the initial
height difference.
Although the summer and fall months do not show a statistically significant coherence with the
Portland tide gauge, the weak winds and forcing conditions during these times may not allow the
flux signal to be strong enough to become significant over other noise or error in the flux
calculations. Additionally, the tide gauge measurements only provide one point in the inner bay
as a reference. Ideally, two or more points spaced throughout the inner bay would be used to
determine if water is indeed flowing between the inner and outer bay, or if water is just sloshing
around within the inner bay. Only the former case would correlate with the flux signal. In the
latter case, there would be no flux associated with the tide gauge height difference.
Perhaps a stronger test of how well the flux through channels and the inner bay surface height are
correlated is to check the coherence of the two signals. The seasonal coherence between the
Portland tide gauge measurements and the flux through Portland Channel and Hussey Sound to
the lower lobe of the inner bay is shown in Figure 36. Following Thompson (1979), the 95%
confidence level is 0.348. Statistically significant coherence is found in both the spring and
winter across frequencies corresponding to weather forcing events.
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Figure 36: Coherence squared of transport to the lower lobe of Casco Bay (Portland
Channel plus Hussey Sound) with tide gauge differential height. Spring and winter seasons
show coherence above the 95% significance level.

4.8. Net Seasonal Difference in Total Transport
There is another subtle seasonal trend evident in Figure 22, as evidenced by the curve of the
seasonal average (red line). The average transport into the inner bay is lower in spring and winter
than it is in summer months. This seasonal signal appears in all three channels. Two possibilities
exist for why this seasonal transport trend is evident: a deficit of water in the inner bay in the
summer causing increased transport toward the inner bay, or a surplus of water in the inner bay in
spring and winter, decreasing average transport into the inner bay. If the first case is true,
evaporation in the summer months from the inner bay area seems the likely cause. If the second
case is true, the likely cause is increased discharge from rivers that empty into inner Casco Bay.
Here, we will explore both possibilities.
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4.8.1. Evaporation
To calculate the evaporation rate, a modified Penman evaporation equation is used, following
Valiantzas (2006). The simplified version of the Penman equation is shown as Equation 13.

Equation 13
Where the Penman evaporation rate, Epn (mm/d), is found by knowing the albedo, α (0.08 over
water), the solar radiation, Rs (MJ/m2/d), the air temperature, T (°C), the extraterrestrial radiation,
Ra (MJ/m2/d), the relative humidity, RH (%), a Penman fitting parameter, au (1), and the wind
speed, u (m/s). This model has the advantage of requiring only parameters measured by standard
meteorological sites, and does not require the slope of the vapor pressure curve, the latent heat of
vaporization, the psychrometric coefficient or vapor pressure deficit as does the standard Penman
equation (Penman, 1948). Still, the fit between this empirical model and the full Penman model
is extremely good, with an R2 value of 0.9993.
This study used wind data collected at the Broad Sound buoy location, along with air temperature
and dew point measurements from NOAA buoy 44007 located 14 miles southeast of Portland,
outside Casco Bay. Relative humidity was calculated from the temperature and dew point
measurements at the NOAA buoy. Ra, Rs and daylight hours, D, were calculated using empirical
equations as follows (Valiantzas, 2006):
Equation 14
Where ϕ is latitude (radians) and i is the rank of the month (e.g. January=1).
Equation 15

88
Equation 16

Where n is measured bright sunshine hours per day. Publically available NOAA climate data
provides an estimate of percent daylight hours available for each month, which was used to find
n. The surface area of the upper inner bay and lower inner bay are 111,876,050 m2 and
73,368,081 m2 respectively. Using these measured values, a monthly estimate of the evaporation
rate of interior Casco Bay was calculated for the experimental period (Table 6). Additionally, the
NOAA climate data for Portland provides monthly average precipitation rates.

Evaporation
(mm/day)
Precipitation
(mm/day)
Net Total
(mm/day)
Equivalent
Flux (m3/s)

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

1.48

1.92

2.71

4.51

5.48

6.60

6.28

5.71

4.36

3.02

2.18

1.39

-2.77

-2.85

-3.47

-3.66

-3.29

-3.21

-2.96

-2.57

-3.12

-3.99

-4.17

-3.29

-1.29

-0.93

-0.76

0.85

2.19

3.40

3.32

3.14

1.24

-0.97

-1.99

-1.90

-2.78

-2.00

-1.63

1.82

4.70

7.28

7.12

6.73

2.65

-2.08

-4.27

-4.08

Table 6: Calculated monthly evaporation rates, monthly precipitation rates, total surface
flux and equivalent volume flux.

The equivalent flux due to precipitation and evaporation in inner Casco Bay is far less than the
seasonal volume transport difference. In June and July, the flux to the inner bay is roughly 400
m3/s greater than the yearly average. However, the summer evaporation contribution calculated
here is only about 7 m3/s. Thus, the influence of evaporation and precipitation is 50 times too
weak to explain the seasonal difference.
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4.8.2. River Discharge
A second possible explanation remains: that there is a net surplus of water leaving the inner bay
due to river discharge in spring and winter. Figure 37 shows the transport time series of the upper
and lower lobes of the inner bay and the seasonal average flux of each. The lower bay has the
largest seasonal variation in flux; a difference of 520 m3/s, roughly 1.6 times the seasonal
difference in the upper bay. Interestingly, the Presumpscot River discharge rate into the lower
bay is roughly 1.4 times the discharge rate of the Royal River into the upper bay (Hodgkins,
1999). The apparent seasonal flux difference may be due to the relative changes in river input to
each section of Casco Bay.
It should be noted that 2004 was a dry year with the second driest spring on record (from 18712010). Only 4.16 inches of precipitation had fallen between January and the end of March. Had
this study been conducted over the spring of 2005, a different seasonal picture may have
emerged. More than twice the amount of precipitation had fallen in 2005 over the same period,
so it is possible that a stronger seasonal average transport out of the inner bay may have been the
result. If so, we might expect an additional outflow of roughly 500 m3/s in the spring.
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Figure 37: Net transport and seasonal averages in the upper interior section of Casco Bay
(top) and lower interior section of Casco Bay (bottom).
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CHAPTER 5
CONCLUSIONS
This long-term study of current and transport in key Casco Bay channels has provided a unique
opportunity to learn about the dynamics in an important region of the Maine coast. Previous
efforts have quantified tidal currents (Parker, 1982), plotted the location of the Kennebec plume
(Pettigrew, 1994) and conducted a short-term study of current in the New Meadows River estuary
in outer Casco Bay (Kistner and Pettigrew, 1999). Exchange between outer Casco Bay with the
Western Maine Coastal Current has also been analyzed (Janzen et al. 2005) with important
conclusions made about how wind affects onshore transport near the inner bay and buoyant
discharge from the Kennebec. The study presented in this thesis was able to expand our
understanding of circulation and exchange to the interior sections of Casco Bay.
Cousins Island, Littlejohn Island and Great Chebeague Island divide the inner section of Casco
Bay into two separate lobes, with only limited communication through a narrow pass south of
Littlejohn Island. The lower lobe (labeled “A” in Figure 1) has exchange with the outer section
of Casco Bay principally through Portland Channel and Hussey Sound. Exchange between the
upper lobe (labeled “B” in Figure 1) and the outer bay is primarily restricted to Broad Sound.
Current in Portland Channel is largely depth-independent and thus appears to be primarily driven
by barotropic pressure gradients. The proximity of Portland Channel to the mouth of the
Presumpscot River makes it the primary outlet for freshwater discharge in the lower lobe of inner
Casco Bay. Consequently, surface density changes (indicative of freshwater river discharge) are
strongly coherent with the primary EOF mode which is attributed to roughly 60% of the total
current variance. Along-channel wind is also coherent with first mode, indicating co-variance
with density and a possible additional contribution to the primary forcing mode. The second
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mode, which is depth dependent and explains roughly 15% of the variance, is coherent with
along-channel wind forcing events.
Unlike Portland Channel, Hussey Sound has a two layer current structure. The primary EOF
mode is most significant in the deeper layer and is strongly correlated with surface density,
indicative of freshwater river discharge. The variance ascribed to this mode is larger in the winter
under mixed conditions (60%) than in the summer under stratified conditions (34%). The second
mode is most important near the surface and coherent with wind stress. Stratification also
appears to influence this mode, as it extends deeper and describes more variance under stratified
conditions. Riverine inflow in the coastal zone introduces a combination of both barotropic and
baroclinic pressure gradients, either of which may dominate. As surface density changes are
indicative of freshwater river discharge events, the barotropic pressure gradient established by
these events may act, at times, to overcome the typical baroclinic flow and influence current at
depth.
Broad Sound also has seasonal changes in how transport responds to forcing conditions. Under
typical conditions, a bi-directional (characteristically baroclinic) flow exists, with the top 10 m
often flowing out and the bottom 30 m flowing into the inner bay. The flow usually follows this
typical estuarine profile, but can change direction if the Kennebec River plume freshens outer
Casco Bay. The primary EOF mode is correlated with both along-shelf wind and surface density,
indicative of how the presence of the Kennebec River plume near Broad Sound can affect the
horizontal density gradient. Flow reversal in Broad Sound is evident in the record (i.e. Figure 32)
and occasionally happens when discharge from the Kennebec River is high and/or downwelling
favorable wind conditions exist. Surface wind forcing appears to be most structurally consistent
with mode 2 (Figure 13), which explains between 20-30% of the total variance in Broad Sound
current. Interestingly, however, this mode is not only coherent in the along-channel direction, but

93
also in the 40° rotated direction (aligned with the reach of the upper lobe), indicating that water
may be pushed into or out of the upper reach of this lobe by winds in this direction.
An estimate of the transit time of the Kennebec River plume to Broad Sound was found based on
the timing of rain events, river discharge spikes and surface fresh water spikes in Broad Sound.
Transit times of plume water between the mouth of the Kennebec and Broad Sound suggest
speeds between 0.13 m/s and 0.05 m/s during typical discharge events. These speeds roughly
equate with the velocity of the WMCC at those times. In contrast, the timing between Kennebec
River discharge and freshwater spikes in Portland Channel and Hussey Sound indicate that it is
extremely unlikely Kennebec River plume water entered those channels. Rather, the freshwater
spikes in these two channels were most likely due to nearby Presumpscot River discharge. Thus,
Kennebec River plume water likely does not directly enter the lower lobe of inner Casco Bay, but
rather is confined to periodically affecting the upper lobe.
Volume transport through each primary channel was estimated using moored downward-looking
ADCP measurements and a horizontal transfer function to account for as much current variability
across the channel as possible. Cross-sectionally integrated time averaged transport through
Portland Channel was estimated to be 376 m3/s toward the outer bay. Rarely, transport in
Portland Channel was found to be as high as 2000 m3/s toward the outer bay, or 500 m3/s toward
the inner bay (Figure 21).
Although Hussey Sound current usually acts in a two layer fashion with current flowing out at the
surface and in at depth, the net time averaged cross-sectionally integrated transport was found to
flow toward the inner bay at an average rate of 450 m3/s. During rare events, transport in Hussey
Sound can be as high as 2000 m3/s toward the inner bay or 1500 m3/s toward the outer bay
(Figure 21). The net transport exchange to the lower lobe is roughly balanced by Portland
Channel and Hussey Sound, indicating that net inflow to this lobe usually occurs at depth through
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Hussey Sound, and net outflow is primarily through Portland Channel or at the surface of Hussey
Sound.
Broad Sound also frequently has bi-directional flow, however net seasonally averaged vertically
integrated transport was estimated to be 830 m3/s toward the inner bay. Occasional onshore
transport spikes as high as 2500 m3/s and offshore transport spikes as high as 2000 m3/s were
observed after forcing events. Generally, however, current in Broad Sound was found to flow
toward the inner bay maximally at depths around 28 m (Figure 30). The net inflow through
Broad Sound indicates there must be outflow through a channel that was unaccounted for in the
transport calculations. Transect measurements across Broad Sound and Luckse Sound indicate
tidal asymmetry (Figure 24) suggesting a possible mechanism to balance the transport. The
residual tidal transport through Luckse Sound was estimated to be 700 m3/s toward the outer bay,
which accounts for roughly 84% of the net excess transport toward the inner bay observed in
Broad Sound. Furthermore, transects indicated that the direction of current flow can change by as
much as 30° at different positions in the channel. Both these factors indicate high variability in
the current structure in Broad Sound, as were predicted by models of that area.
A seasonal signal in the net transport between the inner and outer sections of Casco Bay was also
observed (Figure 22). Stronger transport toward the inner bay was observed in the summer
months, with weaker transport toward the inner bay observed in spring and winter months. The
evaporation contribution to transport was calculated using a modified Penman equation
(Valiantzas, 2006) and found to be 50 times too small to account for the observed seasonal
difference. River discharge magnitude during spring (and winter to a lesser extent) appears to be
responsible for decreasing the net onshore average transport in these seasons. The seasonal
deflection in average transport is seen most predominately in the lower lobe due to the stronger
Presumpscot River discharge in that area.
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APPENDIX A: RAINFALL, DISCHARGE AND FRESHENING CHRONOLOGY

Appendix A contains plots of rainfall in tenths of mm (red), Presumpscot River stream gauge
height in meters (blue), channel vertical salinity difference in psu (green) and Kennebec River
discharge in m3/s (black). The timing of each event indicates that the freshening seen at Portland
Channel (top plot) and Hussey Sound (bottom plot) could not have been caused by the Kennebec
River, as the peak in freshness (green line) happens before or concurrently with the Kennebec
discharge. If the Kennebec plume were to cause these peaks, the plume transit time from the
mouth of the river to the channel would need to be impossibly fast.
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Figure A.1: Portland Channel rainfall (red line in tenths of mm), Kennebec river discharge
(black line in m3/s), Presumpscot stream gauge height (blue line in m)and Portland
Channel freshening (green line in psu) chronology.

Figure A.2: Hussey Sound rainfall (red line in tenths of mm), Kennebec river discharge
(black line in m3/s), Presumpscot stream gauge height (blue line in m) and Hussey Sound
freshening (green line in psu) chronology.
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APPENDIX B: TIME SERIES OF EOF MODES
Examples of the modal time series of current velocity generated by EOF analysis are shown here.
In each case, the top plot is the mode 1 time series, the middle plot is the mode 2 time series, and
the bottom plot is the original current time series. In-flowing current to the inner bay is shown as
warm colors, and out-flowing current is shown as cold colors. Adding the first two modes
(keeping in mind that the first mode always explains more variance than the second) will come
close to reproducing the original time series. Because the mean current velocity was removed for
EOF analysis, it has been removed from the color map in each original time series plot for
comparison purposes.
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Figure B.1: Portland Channel mode 1 time series (top plot), mode 2 time series (middle
plot) and original time series (bottom plot) during the spring period. Scale is cm/s.
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Figure B.2: Hussey Sound mode 1 time series (top plot), mode 2 time series (middle plot)
and original time series (bottom plot) during the spring period. Scale is cm/s.
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Figure B.3: Broad Sound mode 1 time series (top plot), mode 2 time series (middle plot)
and original time series (bottom plot) during the spring period. Scale is cm/s.
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APPENDIX C: TRANSFER FUNCTION OF FLOOD AND EBB TIDES
Although the transfer function used to calculate transport was generated by averaging individual
transfer functions from an entire tidal cycle, it is possible to separate the transfer function into
“flood” and “ebb” functions. To generate the top “flood” plot, only transects taken during the
flood tide were averaged. Likewise, to generate the bottom “ebb” plot, only transects taken
during the ebb tide were averaged. The result is what the transfer function would look like under
both strong inflowing (flood tide) or strong out flowing (ebb tide) conditions. In all cases, red
colors indicate locations where the transfer function is greater than 1 (faster currents than were
observed at the buoy) and green and blue colors indicate locations where the transfer function is
less than 1 (slower currents than were observed at the buoy).
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Figure C.1: Portland Channel transfer functions for flood tide (top) and ebb tide (bottom).
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Figure C.2: Hussey Sound transfer functions for flood tide (top) and ebb tide (bottom).
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Figure C.3: Broad Sound transfer functions for flood tide (top) and ebb tide (bottom).
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